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ABSTRACT OF THE DISSERTATION 
 
 

Structures at the Core of Mammalian Prions 
 
 

by 
 
 

Calina Glynn  
 

Doctor of Philosophy in Biochemistry, Molecular, and Structural Biology 
 

University of California, Los Angeles, 2021 
 

Professor Jose A. Rodriguez, Chair 
 
  

 
Prion diseases, also known as Transmissible Spongiform Encephalopathies, are 

neurodegenerative diseases that pose a major threat to both humans and animals. They fall into 

a category of misfolding diseases known as amyloidoses where accumulation of fibrous protein 

aggregates correlates with disease symptoms. Unlike other amyloid diseases, prion diseases are 

infectious and not strictly linked with age. Victims of prion diseases experience dementia, 

hallucinations, and an inability to take care of themselves among other symptoms before 

inevitably succumbing to disease. While the time between presentation of symptoms and death 

is often less than one year, symptoms can take decades to appear. This makes the immediate 

cause of sporadic disease difficult to determine.  

 

Prion diseases currently lack any form of treatment or means of prevention outside of selective 

breeding in sheep, which takes advantage of a disease-preventing sequence polymorphism. 

Infectious prions share β-sheet rich cores that produce a cross-β diffraction pattern not observed 

in natively folded PrPC. Knowledge of the atomic structures adopted by prions will aid not only in 



 iii 

structure-based drug design and prion disease prevention, but also provide answers to the 

centuries old question of what makes a protein infectious. 

 

The aim of this dissertation is to uncover the structural characteristics of prions that distinguish 

them from other amyloids. The dissertation is also aimed at uncovering molecular explanations 

for species barriers, whereby PrPSc from one species converts PrPC of another species to a 

misfolded form with an efficiency dependent on both the original and newly infected host prions. 

These aims will be achieved through a combination of technological advancements made in 

atomic-level amyloid structure determination, with a focus on micro-crystal electron diffraction 

(MicroED) of the building blocks that make up prion cores (chapters 1 and 2) and single particle 

cryo-electron microscopy (cryo-EM) of prion filaments (chapters 3 and 4).   
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OVERVIEW 
 

 
A History of Prion Structure: The importance of establishing a structural basis for prion infectivity 
 
 
When protein-based infectious agents associated with the transmissible sheep wasting disease, 

scrapie, were first coined as prions in 19821, the quest to reveal the structure of an infectious 

protein began. In 1983 it was noted that isolation of the infectious scrapie agent from hamster 

brains yielded a single detectable protein - the prion protein - and protease-resistant rod-shaped 

aggregates that bound the amyloid binding dye Congo red2. These same fibrillar aggregates were 

observed directly in plaques from hamster brains infected with scrapie and were recognized by 

antibodies raised against the prion protein (PrP). DNA sequencing of the PrP gene revealed that 

PrP is a natively expressed protein across mammals, but lacks protease-resistance outside of the 

disease context3. Likewise, the secondary structure composition of the healthy, cellular form of 

the prion protein (PrPC)4 is notably distinct from that observed in the scrapie form (PrPSc)5. The 

transition from a PrPC structure essentially devoid of beta sheets to a PrPSc structure with over 

46% estimated beta sheet content5 pointed to a massive structural rearrangement beyond the 

small transitions previously seen in enzymes and protein complexes.  

 

At this point the existence of at least two possible structures for PrP was clear and two questions 

arose: 1) What is the structure of an infectious protein? And 2) What are the details of the 

conversion process from PrPC to PrPSc? The path to answer these questions has not been trivial 

due to numerous factors. Even PrPC is not readily expressed in large quantities in a soluble form, 

and purification of even truncated forms of the protein was found to require careful selection of 

bacterial expression system6,7. In spite of extensive efforts, PrPC segregates to inclusion bodies 

and tricky refolding procedures are needed to obtain pure, natively folded PrPC without abundant 

truncation products8. These challenges created substantial hurdles for structural biology 
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approaches of the 1990s. Without large quantities of pure, untruncated material, crystallographic 

approaches to uncovering the structure of PrPC were unsuccessful and Nuclear Magnetic 

Resonance (NMR) became the method of choice for visualizing the native fold of PrPC 9–14.  

 

Attempts at deciphering the structure of PrPSc came with even greater challenges. The tendency 

of PrPSc to form dense meshworks of insoluble fibrils ruled out studies by both crystallography 

and solution state NMR. Moreover, the shear size of the aggregates, which could be well over a 

megadalton, precluded clear measurement of more than a few residue interactions via solid state 

NMR (ssNMR). This led to fiber diffraction experiments becoming a primary source of structural 

information about PrPSc. This type of information, however, precludes knowledge of the structure 

taken on by specific residues within PrP and which secondary structures are changing between 

the PrPC and PrPSc conformations. This gap in knowledge was tackled through fiber diffraction 

studies of synthetic peptides corresponding to segments of particular interest, including the 

hydrophobic region, 113AGAAAAGA120, the first alpha helix containing residues 109-122, and a 

naturally occurring truncation observed in disease containing the first two alpha helices in PrPC 

(residues 90-145)15. These studies demonstrated that all targets studied refolded into filamentous 

beta sheet structures, laying the groundwork for the hypothesis that the entirety of PrPC 

undergoes a misfolding event to form PrPSc. However, how exactly these beta sheets were 

arranged in three dimensions to build the mysterious PrPSc structure remained confined to 

speculation.  

 

While imaging fibrils of PrPSc by electron microscopy in 2002, Holger Wille observed what 

appeared to be regular two dimensional crystalline aggregates branching off of PrPSc rods16,17. 

These were believed to be 2D crystals of PrPSc. The combined constraints from these images of 

2D crystals and a survey of known protein folds dominated by beta sheets pinpointed a beta helix 

structure as most likely. Based on the ability of known beta helix structures to oligomerize and 
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form filaments18–20, this was not an unreasonable conclusion at a time before any structures 

representing an amyloid fold had been observed or conceived of, and thus wouldn’t be options 

considered for structure prediction.  

 

Building Prion Structures from Peptides Up 

 

In the early 2000s, prion researchers were not the only group facing challenges in structure 

determination of fibrillar aggregates. Melinda Balbirnie took a new approach to extracting atomic 

level structural information from amyloids21. After seeking out large segments within the 123 

residue prion domain of the yeast prion Sup35 that would form crystals amenable to unambiguous 

structure determination, only fibril forming segments were found. It took synthesis of a seven 

residue repeating motif within a region critical to the prion properties of Sup35 to permit crystal 

formation alongside fibril formation. Both the fibrillar form and crystalline form of this segment - 

GNNQQNY - exhibited similar x-ray powder diffraction patterns with strong rings at ~4.7Å and 

~10Å, indicative of a shared cross beta structure for both types of aggregates. The improved 

resolution of the powder diffraction patterns from crystals as opposed to fibrils offered a great deal 

of new information about the underlying structure of the aggregates. Measurement of the unit cell 

along with density measurements allowed an estimate of the number of water molecules present 

per peptide - just four. This surprisingly low number compared to the number of residues in need 

of hydrogen bonding partners indicated that a vast majority of the hydrogen bonds within the 

structure must be satisfied by the side chains within the same peptide or from neighboring 

peptides instead of by water molecules. This dry structure held together by polar side chain 

interactions - called polar zippers first coined by Max Perutz22–24 - would have much lower entropy 

than a structure whose hydrogen bonds were largely satisfied by water molecules25. This was 

proposed as a likely explanation for the profound stability of amyloid aggregates rich in polar 

residues21.  
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In the next few years, Ruben Diaz-Avalos and Melinda Balbirnie made efforts to increase the size 

of the GNNQQNY crystals, but struggled to form crystals larger than a micron in diameter that 

would be amenable to x-ray crystallography26. Using electron diffraction, it was demonstrated that 

individual crystals were sufficiently ordered to produce discrete Bragg reflections out to ~2Å, but 

crystalline domains < 1 micron across were not amenable to structure determination by 

synchrotron sources at the time26. Likewise, these small crystalline domains posed a challenge 

for X-ray Free Electron Lasers, where Bragg reflections captured in each pattern may belong to 

different crystalline domains. This began a concurrent pursuit for the GNNQQNY structure using 

electron crystallography, but this quest was also wrought with challenges. Theoretical work on 

the severe impacts of dynamical scattering on accuracy of structure factor intensities from titans 

of electron microscopy cast doubt on the possibility of solving structures from three dimensional 

crystals27–32. For this reason, electron diffraction was not heavily pursued for atomic structure 

determination of protein or peptides until a decade later. Soon after the attempts with electron 

crystallography, microfocus beamlines became available at synchrotrons, reducing the lower size 

limit for crystalline samples from tens of microns to roughly 5 microns or less in some cases. This 

opened up the possibility for determining crystal structures using more familiar techniques and 

allowed Rebecca Nelson and Michael Sawaya to determine the first atomic structures of cross-

beta spines from the peptide GNNQQNY33.  

 

In 2007, Michael Sawaya expanded the known diversity of structures taken on by amyloid spines, 

which included the first atomic structure of a human prion peptide, 170SNQNNF175 34. This segment 

belongs to the β2α2 loop of the mammalian prion protein, which resides in a hotspot for sequence 

diversity35 and was computationally predicted36 to form an amyloid structure similar to NNQQNY, 

coined a “steric zipper”. Microfocus beamlines became the primary method for deriving atomic 

level structural information from peptidic amyloid cores - including prions37–39 - for the next decade.  
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But determination of structures derived from larger amyloid core segments was hindered by the 

natural tendency of beta sheets to twist to favor fibril formation over crystal formation. At this point 

structural biology had been pushed to its limits for amyloids and even microfocus beamlines were 

unsuitable for determination of structures from a growing fraction of disease-relevant amyloid 

spines. Technological advancements were needed to provide conformational context for these 

amyloid backbones.  

 

The first of these advancements came to light in 2013 with the advent of micro-crystal electron 

diffraction (MicroED)40. This cryo-electron microscopy (cryo-EM) based method took advantage 

of the strong interaction between the electron beam and matter to allow for meaningful data 

collection from many fewer unit cells - or much smaller crystals - than was possible with even 

microfocus x-ray beamlines. In 2015, Jose Rodriguez collected continuous rotation41 MicroED 

data from crystals just 100-300 nm in thickness from two peptides within the toxic core of alpha 

synuclein42. Of note, these crystals were many orders of magnitude thicker than the expected 

usable thickness for recording reliable, quantitative, electron diffraction patterns based on 

calculations on the interference of multiple scattering events in reflection intensities28–31. This was 

also the first novel structure determined by MicroED, and instilled confidence in electron diffraction 

of three-dimensional crystals as a reliable method for protein structural biology. The resulting 1.4Å 

structures from the NACore and preNACore peptides were the highest resolution achieved by a 

cryo-EM method at the time. Based on the combined crystal structures of these peptide building 

blocks, a putative model for a multi-sheet core of alpha synuclein fibrils was proposed42. In the 

next few years, MicroED unleashed a flood of new amyloid structures from crystals previously too 

small to be determined using x-ray sources and became a central technique for amyloid structural 

biologists. As these structures made their debut, concurrent work described in the appendix 

explored the potential of MicroED43 to determine structures from crystals ranging in thickness 
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beyond theoretical predictions44, as a means of quantifying sidechain- and atom-specific effects 

of radiation damage in cryo-EM45, and alternative phasing methods46.  

 

In chapter 1, I delve into one of early drops in the ocean of amyloid MicroED structures - a 9 

residue segment from the  β2α2 loop of the bank vole prion protein47. The 0.75Å structure reached 

a record resolution for cryo-EM of proteinacious material at the time and revealed the positions of 

all atoms in the structure, including hydrogens. The tightly packed core of the structure was 

inaccessible to solvents or denaturants and featured numerous intricate three-dimensional 

hydrogen bond networks, providing a much sought after atomic explanation for how the β2α2 loop 

may contribute to the trademark stability of prions. Similar structures were observed for β2α2 loop 

crystals of other mammalian prions with several key species-specific differences, which are 

described in detail in chapter 2.  

 

These 9 residue peptide structures determined through technological advancements in electron 

diffraction built on information obtained from their 6 residue counterparts determined using 

microfocus x-ray beamlines, but still lacked holistic information about the structure taken on by 

the entire prion protein to create an infectious entity.  

 

The Resolution Revolution and its Relevance for Amyloid Structure Determination 

 

Great strides were made in visualizing amyloid structures using ssNMR, but the problem of 

structural heterogeneity within a sample left the structures taken on by individual polymorphs 

uncertain. To circumvent this, electron microscopy was used to average images of filaments of 

the same morphology to achieve higher resolution than from individual images alone. In the 1990s 

and 2000s, images were recorded on film, which came with severe challenges that hindered high-

resolution structure determination. This meant that some of the earliest attempts at revealing 
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amyloid fibril structures were confined to low resolutions that didn’t allow for unambiguous beta 

sheet position assignment48–50. As charge coupled devices (CCDs) started to replace film in the 

late 1990s and 2000s, some of the limitations of film could begin to be addressed51–53. Without 

the need to develop each film, more quantitative assessments of structure started to become 

possible. The immediate readout of images from CCDs also permitted rapid data analysis and 

evaluation of the imaging condition, allowing microscopists to make adjustments on the fly and 

more efficiently utilize sparse microscope time while samples were pristine. Lastly, the adoption 

of digital methods of image acquisition opened doors for further advancements in detector 

technology and data processing software that would not have been possible using film.  

 

One of these much needed advancements was motion correction. It had been well-known for 

decades that beam-induced motion was a severe resolution-limiting problem for beam-sensitive 

samples, like proteins, where movements of several angstroms were not uncommon54,55. But until 

2012, this was a problem that couldn’t be addressed computationally due to the slow speed of 

CCD detectors. The mid 2000s brought about hybrid and direct electron detectors56–58 which had 

much smaller point spread functions that allowed for more accurate recording of scattering events, 

and by extension, made higher resolution information obtainable. These detectors were also 

much faster, allowing for collection of a series of several hundred millisecond exposures to be 

summed into one composite image. These individual frames could be aligned and summed to 

minimize loss of signal and blurring due to sample movement seen in a single long exposure59. 

These two advancements, direct electron detectors and motion correction, were the two greatest 

advancements in cryo-EM that resulted in the “resolution revolution”, where a massive jump in 

high-resolution structures  - including those better than 4Å resolution - began to be reported60. For 

amyloids, the 4.8Å spacing between stacked beta stands was a crucial resolution that needed to 

be reached in order to correctly align fibril images and trace a chain in three dimensions. 
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The Rise of Helical Reconstruction Software 

 

Before the mid 1990s, processing of cryo-EM data was restricted to experts capable of writing 

and implementing their own data processing algorithms in house. This changed in the mid 1990s 

when data processing packages began to be released for public use, starting with some of the 

most commonly used packages today including SPIDER61, IMAGIC62 and EMAN63. For helical 

reconstruction, an approach similar to that taken for single particles was used. EMAN’s helixboxer 

was used for automated segmentation of helical filaments into overlapping boxes such that each 

view of the helix would be represented. In the 2010s, structural biologists with an interest in 

amyloid fibril structure began to develop their own packages to tackle problems more commonly 

associated with amyloids, such as deviations from ideal symmetry and filament bending. In 2014 

and 2015, Alexis Rohou and Mattias Schmidt demonstrated that their new software package, 

Frealix, could be used to reconstruct fibrils of A! at 5Å resolution - just slightly coarser than the 

resolution needed to visuallize stacked beta strand separation64,65. 2017 brought cryo-EM 

structures from two amyloids that broke the 4.7Å barrier - two structures at 3.4Å of tau derived 

from the brains of patients with Alzheimer’s disease66 processed using RELION67 and one at 4.0Å 

of recombinant A!68 processed using SPARX69. After this landmark achievement in amyloid 

structural biology, many amyloid structures reaching beyond 4.7Å from recombinant and tissue 

sources started to populate the literature70–106. 

 

Single Particle Cryo-EM of Prions: What is the structure of an infectious protein? 

 

After decades of advancements in prion biology, x-ray crystallography, MicroED, and single 

particle cryo-EM of amyloid filaments, we are now equipped to come back to our central question: 

what is the structure of an infectious protein?  
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In addition to the challenges associated with determining single particle cryo-EM structures of 

amyloids in general, prions pose additional challenges. The infectious, or potentially infectious, 

nature of prion aggregates introduces the need for additional safety measures and facilities 

designed for manipulation and storage of prion-containing samples. On top of the sparsity of these 

types of laboratories and facilities, a vast majority are equipped for experiments using molecular 

biology and animal models, but not structural biology. 

 

While cryo-EM has become more accessible and more instruments have become available at 

universities, institutes, national user facilities, and individual laboratories, microscopes typically 

used for high-resolution cryo-EM data collection can run upwards of 2 million dollars upfront with 

annual operating costs and service contracts running over $150,000 per year. The costs, stringent 

safety requirements, somewhat niche nature of prion research compared to more common 

neurodegenerative diseases, and the need for a high level of expertise in two fields with steep 

learning curves, reduces the number of facilities equipped for cryo-EM studies of infectious prion 

samples to a number that could be tallied on one hand.  

 

There were a number of amyloid fibrils whose high-resolution structures were readily attainable 

by cryo-EM as soon as the technology caught up66,71,74,81,90,94, but prions were not one of them. 

Many prion structures had been proposed based on low resolution cryo-EM data16,17,107–110 but the 

many strains of prions and heterogeneity within those strains resulted in many disparate models 

based on small numbers of fibrils from a large population. These discrepancies even at low 

resolution alluded to challenges to come in determining high resolution prion structures. 

Additionally, it is well established that the prion aggregates with high titers of infectivity are not 

typically long, single fibrils of clearly defined morphology that would be amenable to single particle 

cryo-EM. Even for samples with tangled nets of long fibrils present, the resistance of prions to 

typical treatments used to improve the monodispersity of other amyloid fibrils were often futile.  
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The Cryo-EM Resolution Revolution Reaches Prions  

 

The challenges of isolating monodisperse fibrils of sufficiently homogeneous morphology 

hindered structure determination of any mammalian prion until 2020. In chapter 3, I discuss the 

far from trivial task of preparing human prion fibrils for single particle cryo-EM. The resulting 3.5Å 

structure represented 70% of fibrils present in the sample and was the first prion structure 

reaching a resolution compatible with unambiguous residue assignment96. This human prion 

structure was composed of two intertwined, hairpin shaped protofilaments made up of residues 

106-145 and presented with chaotrope-, protease-, and SDS-resistant properties that are often 

considered a trademark of prions. These properties could be explained by the compact nature of 

the structure, where small hydrophobic residues constituted the interface between protofilaments 

and a pair of interacting polar residues served as a linchpin holding the hairpin structure closed. 

This structure was the first of a series of prion structures reported in the next year. A comparison 

and discussion of these cryo-EM structures, including two other polymorphs of  human prion 

fibrils97,106, the familial mutant E196K104, hamster passaged scrapie 263K prions105, and 

anchorless Rocky Mountain Labs (aRML) prions isolated from mice105, will be presented in the 

discussion at the end of the thesis. In the final chapter, I detail my efforts towards determining 

structures of other mammalian prions, mainly preliminary cryo-EM studies of bank vole and elk 

prion fibrils.  
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The atomic structure of the infectious, protease-resistant, 
β-sheet-rich and fibrillar mammalian prion remains unknown. 
Through the cryo-EM method MicroED, we reveal the sub-
ångström-resolution structure of a protofibril formed by a 
wild-type segment from the β2–α2 loop of the bank vole prion 
protein. The structure of this protofibril reveals a stabilizing 
network of hydrogen bonds that link polar zippers within a 
sheet, producing motifs we have named ‘polar clasps’.

Micro electron diffraction (MicroED) is a cryo-EM method 
that facilitates the determination of atomic structures from sub-
micrometer-thin protein nanocrystals and fragmented crystal-
lites1–3. Several high-resolution amyloid structures have been 
determined by MicroED, including two structures from the toxic 
core of the Parkinson’s-associated protein α -synuclein4, two from 
the type-2-diabetes-associated protein IAPP5, and five ab initio 
structures2,6. These structures add to those of the fibril cores of α 
-synuclein7, amyloid-β  (ref. 8), tau9, and a fungal prion10 recently 
determined by complementary methods. However, an atomic struc-
ture of the infectious scrapie form of the mammalian prion protein 
(PrPSc) remains unknown11. PrPSc shares some structural hallmarks 
of amyloid, appearing as rope-like filaments or rods made of tightly 
mating β -sheets12,13. However, PrPSc also differs from other amy-
loids: it resists proteolysis and denaturation, is infectious, and can 
spread within and between species to cause disease11, 14,15.

To evaluate the source of PrPSc stability, we investigated segments 
in mammalian prion proteins (PrP) that might form the core of PrPSc 
fibrils. Informed by structure-based prediction of amyloid-prone 
sequences16, we identified 168-QYNNQNNFV-176, a segment of the 
β 2–α 2 loop of the bank vole (Myodes glareolus) PrP (Fig. 1), a univer-
sal prion acceptor17,18. This segment lies within the predicted cross-β  
core of PrP fibrils (Supplementary Fig. 1), shows high conservation 
in rodents and other mammals (Supplementary Fig. 1), and is rich in 
asparagines19,20, which may stabilize prion fibrils21. At sub-millimolar 
concentrations, this segment produces highly ordered aggregates 
(Supplementary Fig. 2) that, when aligned and illuminated by X-rays, 
produce cross-β  diffraction (Supplementary Fig. 2). Like PrPSc, aggre-
gates formed by this segment are resistant to high concentrations 
of urea, guanidine, and a range of pH, but are sensitive to sodium 
hydroxide (Supplementary Fig. 3). Given its shared biophysical  

properties with PrPSc, we labeled our segment proto-PrPSc and set 
out to uncover the structural basis for its stability.

From optimized microcrystals (Supplementary Fig. 4), we deter-
mined a microfocus X-ray diffraction structure of proto-PrPSc to 
1.1-Å resolution by molecular replacement (Supplementary Fig. 4 
and Supplementary Table 1). The conditions in which we observed 
microcrystals of proto-PrPSc also produced showers of nanocrystals, 
evident in electron micrographs (Fig. 1). These nanocrystals dif-
fracted to 0.72 Å by MicroED (Fig. 1). Merging diffraction from mul-
tiple crystals, we achieved a high-completeness 0.75-Å-resolution 
dataset (Supplementary Table 1). From these data, we obtained an 
ab initio solution that was similar to our microfocal X-ray diffrac-
tion structure of proto-PrPSc (Supplementary Fig. 4) and suitable 
for atomic refinement (Supplementary Fig. 5). This ultrahigh-res-
olution MicroED structure of proto-PrPSc shows features that are 
invisible in the X-ray structure and critical to our understanding of 
its stability.

The structure of proto-PrPSc reveals a prion protofibril with 
amyloid-like features: β -strands parallel and in register as a class 
2 steric zipper12 in which sheets pair front to back (Fig. 2). Two 
tightly mating curved sheets make up the proto-PrPSc fibril (Fig. 2), 
although side chains in these sheets interdigitate less in proto-PrPSc 
than those observed in conventional amyloid structures12. Although 
sheets stack in a parallel face-to-back configuration, the convex face 
of one sheet nestles against the concave face of its neighbor, approxi-
mately 10.3 Å away, with a high degree of surface complementar-
ity (Sc, 0.807) (Fig. 2). The interface between these sheets is large, 
concealing 204.5 Å2 per strand, and is entirely devoid of waters at 
its core (Fig. 1). Atoms in the MicroED structure of proto-PrPSc are 
extremely well ordered, with an average B factor of 6.0 Å2 overall 
and 2.8 Å2 within its core (Supplementary Fig. 6 and Supplementary 
Table 1). These values are less than half of the overall B factor in our 
X-ray diffraction structure of proto-PrPSc (Supplementary Table 1), 
thus confirming a greater degree of order in our nanocrystallites 
compared to that of larger microcrystals of the same segment.

A 3D network of hydrogen bonds stabilizes proto-PrPSc 
(Supplementary Table 2); hydrogens at its core participate in intra-
residue C5 bonds22 (Fig. 3), and asparagine and glutamine resi-
dues stack along its fibril axis (Fig. 2). Glutamines and asparagines 
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in proto-PrPSc form networks of hydrogen bonds reminiscent of  
proton wires23, polar ladders24, and the polar zippers first proposed 
by Max Perutz25,26 (Supplementary Fig. 7). Neighboring polar lad-
ders in proto-PrPSc are additionally linked by hydrogen bonds within 
a strand (Fig. 3), a motif we refer to as a ‘polar clasp’ (Supplementary 
Fig. 7). Stacks of phenylalanine and tyrosine residues shield clasps 
at the core of proto-PrPSc (Figs. 1 and 2). The importance of this 
aromatic embrace is underscored by a lack of clasps in structures 
of shorter segments from this region of PrP that lack Tyr169 (refs. 
12,27). On this evidence, we hypothesize that polar clasps and stacked 
aromatic residues act in concert to stabilize proto-PrPSc, as they  
might for PrPSc.

Our hypothesis of proto-PrPSc stability relies on the locations 
of hydrogen atoms throughout the structure. Hydrogens in the 
MicroED structure of proto-PrPSc are unambiguously assigned, 
informed by pronounced difference density in ultrahigh-resolution 
maps (Supplementary Figs. 5, 8, and 9 and Supplementary Table 
4). Hydrogens at the core of proto-PrPSc are as evident as those 
seen in structures of small organic compounds determined by 
electron diffraction28, including our own structure of carbamaze-
pine (Supplementary Fig. 10 and Supplementary Table 3). Density 
in ultrahigh-resolution maps of proto-PrPSc suggests that hydro-
gen may occupy positions that deviate from idealized geometry 
(Supplementary Fig. 5). Improved hydrogen positions indicated by 
ultrahigh-resolution maps in MicroED could bolster the accuracy 
of calculations based on observed hydrogen bond networks.

Ultrahigh-resolution maps of proto-PrPSc mirror features that 
appear in electron density maps of the highest resolution X-ray 
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structures and show similar residual density, which in the latter is 
assigned to valence electrons29 (Supplementary Fig. 9). In addition, 
in polar clasps at the core of proto-PrPSc, density is seen surrounding 
donor hydrogens and oxygen acceptors (Fig. 3 and Supplementary 
Figs. 5 and 9). This density is not explicitly accounted for by our 
atomic model during refinement and is not evident in maps of 
other small molecules determined by MicroED or in lower-res-
olution maps of proto-PrPSc (Supplementary Figs. 8 and 10 and 
Supplementary Table 4). However, this density is preserved across 
maps produced by refinement programs with different scatter-
ing factor libraries (Supplementary Fig. 11). A full account of the 
complex features present in ultrahigh-resolution cryo-EM maps 
may require advances in refinement that incorporate molecular 
vibrations, crystal bending, non-kinematic scattering and chemical 
bonding29–33.

Through MicroED, cryo-EM surpasses the 1-Å barrier and yields 
the structure of proto-PrPSc, a denaturant-resistant prion protofi-
bril. Cryo-EM maps of proto-PrPSc at 0.75-Å resolution reveal a 3D 
network of stabilizing hydrogen bonds that link residues between 
and within its β -strands through polar clasps.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41594-017-0018-0.
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Methods
Phylogenetic and sequence analysis of bank vole PrP 27–30. !e top 130 most 
similar wild-type sequences to bank vole PrP 90–231 were generated using NCBI 
BLAST. Of these 130 sequences, all sequences containing the proto-PrPsc peptide 
were selected and aligned.

Characterization of proto-PrPSc peptide. The synthetic peptide, QYNNQNNFV, 
corresponding to residues 168–176 of the bank vole prion protein was purchased 
from GenScript. The peptide used for our experiments was received at > 98% 
purity achieved by reverse-phase HPLC. The peptide was qualified on a Bruker 
(ultrafleXtreme) MALDI-TOF/TOF mass spectrometer, reported as m/z (intensity, 
arbitrary units). The spectrum has a mass list that includes a [M+ H]+  peak 
at 1,141.3 Da (expected 1,140.5 Da), a [M+ Na]+  peak at 1,163.4 Da (expected 
1,162.49 Da), and a [M+ K]+  peak at 1179.3 Da (1,178.46 Da).

Characterization of carbamazepine. Lyophilized powder of carbamazepine 
(5H-dibenzo[b,f]azepine-5-carboxamide, C15H12N2O) with purity > 99% was 
purchased from Sigma-Aldrich and crystallized without further purification.

Aggregation of proto-PrPSc. Proto-PrPSc peptide was solubilized in ultrapure water 
at 0.22–1.75 mM. 50 µ L of each sample was added to a 96-well clear flat-bottom 
plate in triplicate and evaluated for aggregate formation by reading absorbance at 
350 nm on an Infinite M1000 Pro plate reader (Tecan). Readings were measured 
immediately after solubilization after 3 h and after 6 h of shaking at 900 r.p.m. at 
37 °C. Wells were imaged after 6 h using a Leica M205 C light microscope (Leica 
Microsystems) and after 3 and 6 h by electron microscopy as described below. 
Electron microscope images are representative of more than five images taken at 
each concentration and time point.

Fibril diffraction from proto-PrPSc aggregates. Solutions containing aggregates of 
proto-PrPSc were clarified by centrifugation. Pelleted aggregates were resuspended 
in a concentrated volume in water, applied between two pulled capillaries and left 
to dry overnight. Oriented aggregates formed between the capillary ends were 
resupplied with additional solution containing aggregates and left to dry again. 
This process was repeated several times to grow the bulk of aligned aggregates on 
a capillary. Aligned aggregates were then diffracted using 5-min exposures to a 
FRE+  rotating anode generator with VARIMAX HR confocal optics producing Cu 
K-α  radiation (Rigaku, Tokyo, Japan) and detected using a RIGAKU R-AXIS HTC 
imaging plate detector at a distance of 156 mm from the source.

Chemical denaturation of proto-PrPSc aggregates. Proto-PrPSc was solubilized at 
approximately 3.5 mM and allowed to form aggregates. This solution was diluted 
to approximately 1:4 before treatment with either 0.5–6.0 M urea, 0.5–4.5 M 
guanidinium-HCl, 0.75 M HCl, 0.75 M of either MES, pH 2, acetate, pH 4, MES, 
pH 6, Tris-HCl, pH 8 or 10, or 0.75 M NaOH. Aggregate content was measured by 
absorbance compared to a control solution consisting of 0.01% (w/v) 1-µ m latex 
spheres in water. Spectra across the visible range (250–700 nm) were collected 
using a Nanodrop One (Thermo).

Growth of proto-PrPSc crystals. Peptide powder was weighed and dissolved in 
ultrapure water at near maximum solubility, 3.5 mM. Crystals were grown at room 
temperature by the hanging-drop method in a 96-well Wizard screen. Crystals 
appeared in various conditions and were further optimized in 24-well hanging-
drop vapor diffusion experiments. The best crystals of proto-PrPSc grew within 24 h 
at a peptide concentration of 1.75 mM in the presence of 0.1 M 2-(N-morpholino) 
ethanesulfonic acid (MES), pH 6.0, and either 10% ethanol or 10% 2-Methyl-2,4-
pentanediol (MPD).

Transmission electron microscopy. Approximately 2 µ L of aggregated proto-PrPSc 
were applied to 300-mesh Formvar-carbon coated grids (Ted Pella Inc.) for 2 min 
before excess liquid was removed and grids left to dry. Grids were imaged either on 
a Tecnai T12 or F20 electron microscope (Thermo Fisher, formerly FEI). Samples 
were imaged at a magnification of 2,100×  with a dose rate of < 30 e–/Å2.

Microfocus X-ray data collection. Crystals grown in 0.1 M MES, pH 6.0, and 10% 
ethanol and mixed with 100% glycerol as cryoprotectant were harvested from 24-
well hanging drops using MiTeGen loops and flash frozen in liquid nitrogen. 73 
diffraction images were collected, each spanning a 3° wedge, from a single crystal 
at a temperature of 100 K at the advanced photon source (APS) beamline 24-ID-E, 
equipped with an ADSC Q315 CCD detector, using a 10-μ m beam with a 0.98-Å 
wavelength.

Microfocus X-ray data processing and structure determination. Diffraction 
images collected from a single crystal of proto-PrPSc were indexed and integrated in 
Denzo, yielding a dataset with 80.75% overall completeness at 1.1-Å resolution in 
space group P1. A suitable molecular replacement solution was obtained from this 
data using the PHASER program and an idealized β -strand nonapeptide alanine 
model as a probe. The model was refined using REFMAC against the measured 
data to a final Rwork / Rfree of 0.14 / 0.16.

MicroED sample preparation. Nanoscale needle crystals of proto-PrPSc were 
grown in batch in 0.1 M MES, pH 6.0, and 10% ethanol. Crystals were diluted in 
mother liquor and fragmented by force of pipetting to create an approximately 
monodisperse solution of crystals. Carbamazepine was crystallized in batches by 
dilution into neat isopropanol at 100 μ g/mL. 2 µ L of either solution were placed 
on a holey carbon grid (1/4, 2/2, 2/4, #300 copper; Ted Pella Inc.) before plunge 
freezing into liquid ethane and transferring into liquid nitrogen for storage. Grids 
were held by a liquid-nitrogen-cooled Gatan 626 cryo-holder for transfer into and 
manipulation within the electron microscope.

MicroED data collection. MicroED data collection from nine sub-micron-thick 
needle crystals, and a single sub-micron carbamazepine crystal was performed 
as previously described34. Briefly, crystals of either proto-PrPSc or carbamazepine 
lying in a frozen-hydrated state on holey carbon grids were inspected visually in 
overfocused diffraction mode on either a cryo-cooled FEI Tecnai F20 microscope 
operated at 200 kV (Janelia Research Campus) or a Titan environmental 
TEM operated at 300 kV (Environmental Molecular Sciences Lab, PNNL). 
Diffraction patterns used for structure determination were collected on a TVIPS 
TemCam-F416 CMOS detector in rolling-shutter mode with 3-s exposures while 
proto-PrPSc crystals were unidirectionally rotated at a constant rate of 0.27° s−1 
over angular wedges ranging from –55° to + 72°. A single carbamazepine crystal 
was rotated at a speed of 0.2° s−1 over an angular wedge ranging between –45° 
to + 45o with 5-s exposures. Beam intensity was held constant, with an average 
dose rate of 0.003–0.005 e– Å−1 sec−1, corresponding to a total dose of ~1–3 e– Å−2 
per dataset. We used a camera length of 520 mm, the equivalent of a sample-to-
detector distance of 950 mm in a corresponding lensless system. All diffraction was 
performed using a circular selected area aperture of ~1 μ m2 in projection.

MicroED data processing. Diffraction movies were converted to the SMV file 
format using TVIPS tools as previously described35. Indexing and integration were 
performed in XDS36. Integrated diffraction intensities from partial datasets of 
nine different proto-PrPSc crystals were sorted and merged in XSCALE36. Merged 
intensities were converted to amplitudes at various resolution cutoffs to produce 
separate 1.1-Å, 1.0-Å, 0.9-Å, 0.8-Å, and 0.75-Å datasets. Ab initio structure 
determination was performed on each of these datasets using SHELXD37. Phases 
obtained from the atomic assembly generated by direct methods were used to 
produce maps of sufficient quality for subsequent model building in Coot38 and 
refinement in Phenix39 using electron scattering form factors to produce a final 
structure in space group P1 with a final Rwork / Rfree of 24 / 25. Refinement in 
REFMAC was carried out in parallel to a final Rwork / Rfree of 23 / 25. The structure 
refined in Phenix (PDB 6AXZ) was used in all subsequent analysis and is shown 
in figures. Ab initio structure determination for carbamazepine was performed in 
SHELXT37 in which a solution was found in space group P21m with no errors in 
chemical assignment or atom positions for all carbon, nitrogen, and oxygen atoms. 
This solution was refined in SHELXL37 using electron form factors to an R value 
of 21.8%. A structure with hydrogen positions refined to best match difference 
density in the map lowered the R value to 19.8%.

Analysis of buried surface area (Sa) and surface complementarity (Sc) for 
proto-PrPSc. The structure of proto-PrPSc was used to calculate both Sa and Sc 
from an assembly consisting of two sheets generated by translational symmetry, 
each consisting of ten stacked β -strands. Sa was computed as an average of the 
buried surface area per chain in our assembly, calculated as the difference between 
the sum of the solvent-accessible surface area of the two sheets and the solvent-
accessible surface area of the entire complex, divided by the total number of 
strands in both sheets. Sc was calculated using the CCP4 suite for all points at the 
interface between the two aforementioned sheets.

Comparison of X-ray and MicroED structures. Sequence alignment and 
structural superposition of both an individual chain and an assembly of two sheets 
from X-ray and MicroED structures of proto-PrPSc were performed in PyMOL40. 
This alignment produced an all-atom r.m.s.d. of 0.162 Å, on which structural 
similarity was assessed.

Analysis of aromatic residues in proto-PrPSc. Distances were measured 
between stacked aromatic residues that flank the core of proto-PrPSc. Aromatics 
stacked between strands along planes separated by 3.7 or 3.4 Å for Y169 or F175, 
respectively, in a parallel-displaced configuration41. We measured the intersheet 
hydrogen bond created by Y169 to the backbone carbonyl of N171 on an opposing 
strand. Both Y169 and F175 formed aromatic ladders that channel polar residues 
into a 12.8-Å-long region at the core.

Analysis of hydrogen bond networks. Informed by the locations of hydrogens, 
visible in our maps at a 0.7–2.5-σ  range, we evaluated hydrogen bond networks 
determined by the program HBplus (v.3.06)42 and by manual inspection using 
PyMOL. We measured asparagine ladders between residues N170, N171, N173, 
and N174 and the corresponding asparagine residues on the strands above and 
below. We also measured glutamine ladders between residues Q168 and Q172 and 
their corresponding residues on strands above and below. We analyzed distances 
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associated with intrastrand hydrogen bonds formed by three pairs of residues: 
Q168–N170, N171–N173 and Q172–N174. Polar contacts were also measured 
between Q168–N170, with a 3.1-Å donor–acceptor (D–A) distance and a 2.3-Å 
H–O distance, Q172–N174, with a 3.0-Å D–A distance and a 2.1-Å H–O distance 
and N171–N173, with a 3.1-Å D–A distance and a 2.3-Å H–O distance. In each 
case, the linked residues faced the same side of the β -strand and bridged residues at 
positions (N/Q)i and (N)i+2 within the strand. While the HBplus program does not 
identify C5 hydrogen bonds in our structure, we measured these bonds in residues 
N171, Q172, and N173, on the basis of the criteria that carbonyl oxygens bond 
with intraresidue amide protons if their geometry permits, with H–O distances 
shorter than 2.5 Å (ref. 22).

Amylome profiling. A subset of the predicted amylome was analyzed16, consisting 
of six-residue segments found to score favorably when threaded onto a template 
based on the structure of the yeast prion NNQQNY. We chose all segments that 
scored two s.d. better than the mean score for all peptides (Z score >  2). This 
subset of six-residue segments represents 95,381 out of 7,900,599 total segments, 
or 1.2% of all possible segments of this size in the human proteome. For each 
segment, we searched for a (Y/F) X (N/Q) X (N/Q) X (Y/F) motif across the region 
of the protein to which the segment belonged; a ten-residue window including two 
residues upstream and downstream of a profiled segment. QYNNQNNFV satisfies 
these metrics.

Calculation of contour maps. 2Fo – Fc and Fo – Fc density maps were calculated 
from the final refined MTZ file using the FFT tool in CCP4. Maps were converted 
to MRC format in Chimera and imported into MATLAB. Contour plots were 
calculated such that the number of contours spanned the minimum to the 
maximum values of the maps with intervals of one s.d. (σ ) between contour levels.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. Atomic coordinates and structure factors for proto-PrPSc have 
been deposited in the EMDB and wwPDB; the structure obtained using MicroED 
is under accession codes EMD-7017 and PDB 6AXZ; the X-ray crystallography 
structure is under accession code PDB 6BTK. The structure of carbamazepine 
using microED has been deposited in the EMDB with accession code EMD-7287. 
Source data for all figures and files is available from the authors upon reasonable 
request, please see author contributions for specific datasets.
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Supplementary Figure 1 

Sequence analysis of the common core of prion protofilaments. 

a, Tightly packed prion core as defined by NMR (Zahn, R. et al. NMR solution structure of the human prion protein. Proc. Natl. Acad. 

Sci. 97, 145–150 (2000)), Proteinase K resistance (Bocharova, O. V., Breydo, L., Salnikov, V. V., Gill, A. C. & Baskakov, I. V. Synthetic 

prions generated in vitro are similar to a newly identified subpopulation of PrPsc from sporadic Creutzfeldt-Jakob Disease. Protein Sci. 

Publ. Protein Soc. 14, 1222–1232 (2005); Bocharova, O. V. et al. Annealing Prion Protein Amyloid Fibrils at High Temperature Results 

in Extension of a Proteinase K-resistant Core. J. Biol. Chem. 281, 2373–2379 (2006)), Hydrogen-Deuterium Exchange (Dutta, A., 

Chen, S. & Surewicz, W. K. The effect of β2-α2 loop mutation on amyloidogenic properties of the prion protein. FEBS Lett. 587, 2918 

(2013); Smirnovas, V. et al. Distinct Structures of Scrapie Prion Protein (PrPSc)-seeded Versus Spontaneous Recombinant Prion 

Protein Fibrils Revealed by Hydrogen/Deuterium Exchange. J. Biol. Chem. 284, 24233–24241 (2009); Lu, X., Wintrode, P. L. & 

Surewicz, W. K. β-Sheet core of human prion protein amyloid fibrils as determined by hydrogen/deuterium exchange. Proc. Natl. Acad. 

Sci. 104, 1510–1515 (2007); Cobb, N. J., Apostol, M. I., Chen, S., Smirnovas, V. & Surewicz, W. K. Conformational Stability of 

Mammalian Prion Protein Amyloid Fibrils Is Dictated by a Packing Polymorphism within the Core Region. J. Biol. Chem. 289, 2643–

2650 (2014).), and EPR (Cobb, N. J., Sönnichsen, F. D., Mchaourab, H. & Surewicz, W. K. Molecular architecture of human prion 

protein amyloid: A parallel, in-register β-structure. Proc. Natl. Acad. Sci. U. S. A. 104, 18946–18951 (2007)). b, sequence alignment of 

bank vole PrP 27-30 with the 19 most similar sequences containing the proto-PrPSc sequence (top, blue) and commonly studied PrP 

sequences (bottom, green) where only deviations from the bank vole sequence are shown. 
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Supplementary Figure 2 

Characterization of proto-PrPSc aggregates. 

a, MALDI-TOF/TOF mass spectrum of proto-PrPSc (Exact Mass of 1140.5 Da). b, Detection of Proto-PrPSc aggregates at an optical 

wavelength of 350 nm. Colors indicate solutions with increasing peptide concentrations with optical density plotted over the course of 

several hours. Values represent the mean OD 350 values and error bars represent ± 1 standard deviation (n = 3, technical replicates). 

c, Light microscope images of peptide solutions in a 96-well plate and electron micrographs of samples from those wells measured 

after 3 and 6 hours of incubation. d, Fiber diffraction with 10.2Å, 4.9Å, and 2.5Å rings labeled. Inset shows optical microscope image of 

the fibril from which diffraction was obtained. 
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Supplementary Figure 3 

Physical and chemical denaturation of proto-PrPSc aggregates. 

Visible light spectra (250-700nm) show absorbance from proto-PrPSc aggregates exposed to: a, a range of pH b, concentrations of 
guanidinium-HCl and c, concentrations of urea. Insets show each sample in a glass capillary above its corresponding figure legend. A 
0.01% (w/v) solution of one µm latex spheres (grey lines) was used as a baseline against which to gauge particle density in various 
samples.  The mean value of three replicates is shown (solid lines) with the shadowed range around each line representing ± 1 
standard deviation (n = 3, technical replicates). 
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Supplementary Figure 4 

Microfocal x-ray structure determination of proto-PrPSc and comparison to MicroED structure of proto-PrPSc. 

a, Diffraction image collected by microfocal x-ray diffraction. Lower right inset shows hanging drop with a cluster of microcrystals (white 

arrow). Blue box in upper right shows a magnified view of high-resolution reflections near 1.1Å (black arrows) from the lower quadrant. 

b, Structure of proto-PrPSc determined by microfocal x-ray crystallography shown as a stick model. Waters are shown as cross marks, 

2Fo-Fc density is shown at 1σ (blue mesh) and Fo-Fc at 2.8σ (green isosurface). c, Alignment of microfocal x-ray (blue) and MicroED 

(purple) structures. The peptide backbone is represented as an idealized beta strand and side chains as stick models. Residues are 

labeled according to their numbering in the sequence of bank vole prion. 
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Supplementary Figure 5 

Ab initio structure determination of proto-PrPSc. 

CFOM distribution obtained after 50,000 idenpendent trials of the SHELXD program. The ab initio model (top inset) results from the 

best CFOM in this distribution; the final solution is shown below. The blue box (CFOM > 80) defines regions where correct solutions are 

expected. The lower insets demonstrate the need to modify hydrogen positions from their idealized placement (magenta arrow) to 

better match the residual density (green arrow). Hydrogen bonding positions for the final model are shown as dashed lines. 
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Supplementary Figure 6 

B factors in proto-PrPSc.

a, Side and b, top view of an isosurface model of proto-PrPSc analogous to those in Figure 1, but now colored by B-factor, where blue 

indicates low B-factors while red indicates high B-factors. A stick model is shown overlaid onto the isosurface model as a guide. The B-

factor scale ranges from 0 to 18.0Å2.
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Supplementary Figure 7 

Hydrogen bond networks formed by polar side chains in β-sheets. 

Five examples of hydrogen bonding networks are shown. From left to right, they are the proton wire (Nagle, J. F. & Morowitz, H. J. 

Molecular mechanisms for proton transport in membranes. Proc. Natl. Acad. Sci. U. S. A. 75, 298–302 (1978).), polar zipper (Perutz, M. 

F., Staden, R., Moens, L. & De Baere, I. Polar zippers. Curr. Biol. CB 3, 249–253 (1993).), glutamine ladder (Perutz, M. F., Johnson, T., 

Suzuki, M. & Finch, J. T. Glutamine repeats as polar zippers: their possible role in inherited neurodegenerative diseases. Proc. Natl. 

Acad. Sci. U. S. A. 91, 5355–5358 (1994).), asparagine ladder (Yoder, M. D., Lietzke, S. E. & Jurnak, F. Unusual structural features in 

the parallel β-helix in pectate lyases. Structure 1, 241–251 (1993).), and the polar clasp (blue outline). For each, three layers are 

shown, each representing three beta strands stacked along a sheet. Hydrogen bonds are shown as dashed lines. 
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Supplementary Figure 8 

Refinement of proto-PrPSc as a function of resolution. 

High resolution refinement of proto-PrPSc allows visualization of density for hydrogen atoms in density maps (orange arrows) at 0.7σ; 

the same atoms cannot be seen at lower resolution. Bridging density for the hydrogen bond between Q172 and N174 (blue arrows) can 

similarly only be seen at sub-ångstrom resolution. 
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Supplementary Figure 9 

Comparison of ultrahigh-resolution features in maps solved by MicroED maps and X-ray crystallography. 

Comparison of ultrahigh resolution features in MicroED maps of proto-PrPSc to those of 0.48Å and 0.8Å x-ray crystallographic maps of 

the hiPiP protein (PDB IDs: 1IUA and 5D8V) (Hirano, Y., Takeda, K. & Miki, K. Charge-density analysis of an iron sulfur protein at an 

ultra-high resolution of 0.48 Å. Nature 534, 281–284 (2016); Liu, L., Nogi, T., Kobayashi, M., Nozawa, T. & Miki, K. Ultrahigh-resolution 

structure of high-potential iron sulfur protein from Thermochromatium tepidum. Acta Crystallogr. D Biol. Crystallogr. 58, 1085–1091 

(2002).). 2mFoDFc maps are rendered as a blue mesh (0.8σ) and mFo-DFc maps are rendered as a solid green isosurface (2.8σ). 

Density for hydrogen atoms are indicated by red arrows and residual density in the difference map is indicated by blue arrows. The 

sidechain panel also includes contour maps for 2Fo-Fc and Fo-Fc density. 
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Supplementary Figure 10 

Ab initio structure determination of carbamazepine. 

CFOM distribution obtained after 100,000 independent trials of the SHELXD program. The ab initio model (top inset) results from the 

best CFOM in this distribution; the final solution is shown below. 2Fo-Fc maps are shown in blue, Fo-Fc maps in green inform the 

locations of hydrogens in the model. The blue box (CFOM > 80) defines the region where correct solutions are expected. 
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Supplementary Figure 11 

Comparison of ultrahigh-resolution features in MicroED maps of proto-PrPSc refined in different software packages. 

MicroED maps of proto-PrPSc were refined by either the Phenix (a and c) or Refmac (b and d) software packages. 2mFo-DFc maps are 

rendered as a blue mesh (0.8σ) and mFo-DFc maps are rendered as a solid green isosurface (2.8σ). Arrows indicate bridging hydrogen 

bonds. b, Fourier shell correlation between the maps produced by each refinement package, with a dashed black line indicating FSC 

cutoffs of 0.5 and 0.143. 
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Supplementary Tables for “Sub-ångstrom cryo-EM structure of a prion protofibril reveals 
a polar clasp” 
 

Supplementary Table 1. Crystallographic structure determination of proto-PrPSc. 

proto-PrPsc X-ray MicroED 
(Phenix)  

MicroED 
(Refmac)  

Data collection    
Space group P1 P1  
Cell dimensions      
    a, b, c (Å) 4.87 10.11 30.42  4.94 10.34 31.15   
    α, β, γ (°)  93.36 91.15 101.66 94.26 92.38 102.20  
Resolution (Å) 30.35 - 1.10 (1.14 -

1.10) 
10.34-0.75 (0.78-0.75)a  

Rmerge 0.099 (0.405) 0.232 (0.638)  
Rmeas 0.142 (0.573) 0.250 (0.729)  
Rpim 0.098 (0.405) 0.090 (0.319)  
I/σ(I) 6.20 (1.92) 4.57 (1.77)  
CC1/2

 0.986 (0.546) 0.982 (0.209)  
Completeness (%) 80.75 (46.22) 96.95 (96.17)  
No. Reflections 3059 (127) 43252 (2359)  
Redundancy 1.6 (1.2) 5.8 (4.4)  
    
Refinement    
No. reflections 1866 (110) 7473 (720) 6800 (470) 
Rwork 0.139 (0.29) 0.242 (0.37) 0.233 (0.36) 
Rfree 0.162 (0.23) 0.246 (0.39) 0.254 (0.35) 
No. atoms    
    Total 85 152 152 
    Waters  4 2 2 
    Hydrogens Possible  70 69 69 
    Hydrogens Modeledb  0 51 61 
B factors    
    Protein 12.27 6.00 5.88 
    Water 23.09 11.59 11.56 
R.m.s. deviations    
    Bond lengths (Å) 0.007 0.014 0.034 
    Bond angles (°) 0.99 1.01 2.21 

a Values in parentheses are for the highest-resolution shell. 
b Hydrogens modelled include only those for which density is observed in 2Fo-Fc maps at 0.70σ or higher.  
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Supplementary Table 2. Hydrogen bonds in proto-PrPSc. 
 Donor 

namea 
Atom 
type 

Acceptor 
namea 

Atom 
type 

DA 
dist. 

DA 
pairb 

Gap CA-CA 
dist. 

DHA 
angle 

H-A 
dist.  

H-A-
AA 
angle 

D-A-
AA 
angle 

1 A0168-GLN NE2 B0168-GLN OE1 3.02 SS - 4.90 136.7 2.21 137.7 150.8 
2 A0170-ASN ND2 A0168-GLN OE1 3.11 SS 2 6.48 176.4 2.11 108.9 109.4 
3 A0169-TYR N B0168-GLN O 3.00 MM - 6.32 164.6 2.17 163.5 167.8 
4 B0170-ASN N A0169-TYR O 2.85 MM - 6.00 163.4 2.01 166 170.9 
5 B0170-ASN ND2 A0170-ASN OD1 2.90 SS - 4.90 159.5 1.94 160.1 167.0 
6 A0171-ASN N B0170-ASN O 3.01 MM - 6.24 144.0 2.27 151.4 161.1 
7 B0172-GLN N A0171-ASN O 3.19 MM - 6.48 142.2 2.46 139.6 149.0 
8 A0171-ASN ND2 B0171-ASN OD1 2.87 SS - 4.90 151.1 1.95 153.7 163.4 
9 A0173-ASN ND2 A0171-ASN OD1 3.09 SS 2 6.93 146.1 2.21 106.4 99.4 
10 A0172-GLN NE2 A0174-ASN OD1 2.99 SS 2 7.07 173.3 2.00 108.7 110.9 
11 A0172-GLN NE2 B0172-GLN OE1 2.92 SS - 4.90 164.1 1.95 162.3 167.7 
12 C0171-ASN ND2 A0172-GLN OE1 3.04 SS - 8.49 131.4 2.28 113.5 102.0 
13 B0174-ASN N A0173-ASN O 3.06 MM - 6.48 160.0 2.24 159.1 164.6 
14 A0173-ASN ND2 B0173-ASN OD1 3.07 SS - 4.90 156.0 2.13 154.3 161.9 
15 A0174-ASN ND2 D0173-ASN OD1 3.13 SS - 8.77 150.1 2.22 120.7 119.4 
16 B0174-ASN ND2 A0174-ASN OD1 2.98 SS - 4.90 161.9 2.01 162.2 168.1 
17 A0175-PHE N B0174-ASN O 2.93 MM - 6.16 158.8 2.11 158.6 164.7 
18 B0176-VAL N A0175-PHE O 2.87 MM - 6.08 170.4 2.02 174.9 177.7 
19 C0169-TYR O4 B0171-ASN O 2.95 SM - 9.90 142.5 2.23 119.8 128.8 
20 A0171-ASN N A0171-ASN O 2.80 MM 0 0 103.8 2.50 76.9 59.7 
21 A0172-GLN N A0172-GLN O 2.80 MM 0 0 107.2 2.42 77.2 60.6 
22 A0173-ASN N A0173-ASN O 2.81 MM 0 0 103.3 2.48 78.6 61.3 

             

             
a Donor and acceptor names are abbreviated as the chain name followed by a four-digit residue number, 

a dash and the residue three letter code. A four-chain assembly (A-D) was used that encompass all 

unique hydrogen bonds in proto-PrPSc; two sheets, with two strands each. Chains A and B make up one 

sheet, C and D make up the mating sheet. 
b M represents main chain, S represents side chain. 

All distances are measured in ångstroms; angles in degrees. 
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Supplementary Table 3. Crystallographic structure determination of carbamazepine. 

Carbamazepine MicroED 
Data collection  
Space group P 1 21/m 1 
Cell dimensions    
    a, b, c (Å) 7.50, 11.00, 13.70 
    α, β, γ (°)  90.0, 93.2, 90.0  
Resolution (Å) 7.49-0.849 (0.95-

0.849) 

Rmerge 0.084 (0.149) 
Rmeas 0.104 (0.182) 
Rpim 0.059 (0.103) 
I/σ(I) 8.19 (4.55) 
CC1/2

 0.992 (0.961) 
Completeness (%) 49.8 (23.3) 
No. Reflections 2739 (371) 
Redundancy 2.71 (2.01) 
  
Refinement  
No. reflections 2739 (371) 
Rwork 0.20 
Rfree 0.46 
No. atoms  
    Total 30 
    Waters  0 
    Hydrogens Possible  12 
    Hydrogens Modeled  12 

a Values in parentheses are for the highest-resolution shell. 
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Supplementary Table 4. Refinement of proto-PrPSc as a function of resolution. 

proto-PrPsc MicroED 0.75Å MicroED 0.80Å MicroED 0.90Å MicroED 1.00Å MicroED 1.10Å 
Data collection      
Space group P1 P1 P1 P1 P1 
Cell dimensions        
    a, b, c (Å) 4.94 10.34 31.15  4.94 10.34 31.15  4.94 10.34 31.15  4.94 10.34 31.15  4.94 10.34 31.15  
    α, β, γ (°)  94.21 92.38 

102.20 
94.26 92.38 
102.20 

94.26 92.38 
102.20 

94.26 92.38 
102.20 

94.26 92.38 
102.20 

Resolution (Å)a 10.34-0.75 (0.78-
0.75) 

10.34-0.80 
(0.83-0.80) 

10.34-0.90 (0.93-
0.90) 

10.34-1.0 (1.04-
1.0) 

10.34-1.10 (1.14-
1.10) 

Rmerge 0.232 (0.638) 0.227 (0.524) 0.221 (0.373) 0.217 (0.335) 0.214 (0.265) 
Rmeas 0.250 (0.729) 0.245 (0.585) 0.238 (0.409) 0.233 (0.364) 0.229 (0.285) 
Rpim 0.090 (0.319) 0.0872 (0.247) 0.0839 (0.159) 0.0823 (0.139) 0.0801 (0.0992) 
I/σ(I) 4.57 (1.77) 5.05 (2.52) 5.82 (3.64) 6.30 (4.24) 6.71 (5.65) 
CC1/2

 0.982 (0.209) 0.981 (0.549) 0.981 (0.847) 0.98 (0.92) 0.979 (0.938) 
Completeness (%) 96.95 (96.17) 97.36 (95.54) 97.74 (95.48) 98.08 (97.40) 97.84 (99.24) 
No. Reflections 43252 (2359) 36981 (3191) 27687 (2542) 20376 (1848) 15910 (1780) 
Redundancy 5.8 (4.4) 6.0 (5.1) 6.3 (5.8) 6.4 (5.9) 6.6 (6.8) 
      
Ab initio phasing      
     Atoms Placedb 62.4 ± 0.70 67.9 ± 1.37 66.5 ± 0.97 66.8 ± 0.42 66.9 ± 1.52 
     CFOM 97.0 ± 0.41 98.9 ± 0.41 102.0 ± 0.36 106.1 ± 0.56 99.0 ± 0.89 
      
Refinement      
No. reflections 7473 (720) 6160 (623) 4377 (443) 3166 (314) 2408 (258) 
Rwork 0.243 (0.36) 0.233 (0.35) 0.218 (0.29) 0.205 (0.24) 0.197 (0.23) 
Rfree 0.252 (0.39) 0.247 (0.38) 0.222 (0.31) 0.217 (0.26) 0.215 (0.26) 
No. atoms      
    Total 152 152 152 152 152 
    Hydrogens Possible  69 69 69 69 69 
    Hydrogens Modeled 51 40 40 38 33 
B factors      
    Protein 6.00 6.51 6.01 5.79 5.45 
    Water 11.59 16.24 15.12 13.30 13.25 
R.m.s. deviations      
    Bond lengths (Å) 0.014 0.013 0.013 0.012 0.012 
    Bond angles (°) 1.01 1.00 1.06 1.06 1.08 

a Values in parentheses are for the highest resolution shell 
b Average number of atoms placed by ten independent runs of 10,000 placement tries in SHELX.  
c Hydrogens modeled include only those for which density is observed in 2Fo-Fc maps at 0.70σ or higher.  
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Structural and biophysical consequences of sequence variation in the !2"2 loop of mammalian 

prions 
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Abstract 

Despite high sequence similarity across mammalian prions, species barriers limit transmission of 

prion disease between certain pairs of species. Species barriers have been linked to sequence 

differences in PrP across mammals. In the β2α2 loop of PrP, single residue substitutions at key 

positions 168, 170, and 174 have been shown to alter interspecies disease transmission and 

disease susceptibility altogether, yet the biophysical basis for this pattern remains unknown. To 

better understand this mystery, we interrogate the structural and biophysical consequences of 

natural and artificial sequence variation in the β2α2 loop of PrP. Using microcrystal electron 

diffraction, we determine atomic resolution structures of segments encompassing residues 168-

176 from the β2α2 loop of PrP with sequences corresponding to human, mouse/cow , bank vole, 

rabbit/pig and naked mole rat (elk-T174S) β2α2 loops. We also present crystal structures from 

synthetic β2α2 loop sequences aimed at understanding the contribution of individual amino acids 

to β2α2 amyloid packing and stability. This collection of structures presents two dominant amyloid 
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packing polymorphisms – one with an emphasis on interdigitation of sidechains that would be 

more discriminating in which sequences could serve as a mated strand, and one that is stabilized 

primarily by polar clasps between residues on the same strand, creating a smooth surface with 

fewer requirements for the sequence of a mated strand. We find that this distinct packing and 

array of stabilizing hydrogen bond networks depends most critically on the identity of residue 174. 

Each of these structures display common and species-specific denaturant resistant behaviors 

that match patterns observed for full length prion fibrils derived from corresponding species. 

Incorporation of these β2α2 loop sequences into an 85 residue recombinant segment encoding 

wild-type bank vole PrP94-178 demonstrates that even single residue substitutions can impact fibril 

morphology as evaluated by negative stain electron microscopy. Our studies support the 

hypothesis that a diverse array of structures may be accessible to prion proteins and give rise to 

sequence-specific polymorph preferences influenced by key residues in the β2α2 loop. It is 

likewise possible that incompatible structural polymorphisms may be responsible for limiting 

transmissibility across species lines. 

 

Introduction  

 

Discoveries supporting the existence of strains in prion disease were reported as early as 19611. 

In other early studies, it was noted that the inoculum strain and its interaction with the host animal 

played a role in whether, and how, the resulting prion disease would propagate2,3. Studies of 

scrapie in mouse models also demonstrated that while the incubation period after inoculating mice 

was exceptionally long after the first passage, incubation times shortened for subsequent 

passages. However, in some attempts, mice failed to develop disease at all for unknown reasons3. 

This effect, whereby the incubation period of prions isolated from a different species is much 

longer than the incubation period of prions isolated from the same species, was termed the 

“species barrier”.  
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Over the course of the past half century, it has been established that each pair of animals, prion 

strain used, and direction of passage (e.g. mouse to rat vs. rat to mouse) has its own unique 

species barrier to be characterized3.  

 

In the late 1980s and early 1990s, transgenic animals began to be used to study species barriers 

in prion diseases. This breakthrough in prion research established that species barriers could be 

eliminated if the animal had a prion protein (PrP) amino acid sequence matching the inoculum 

PrP sequence4,5. As such, the aggregated form of the prion protein seen in diseased animals 

(PrPSc) was established as playing a major role in controlling disease in a sequence-dependent 

manner and was not simply a biproduct of infection.  

 

While PrP sequence is highly conserved, residues at several positions along its sequence do vary 

across mammals. Two regions of relatively high variability are far apart in sequence (residues 

164-174 and 215-223) but are near each other in the structure of the native, cellular form of PrP 

(PrPC )6. Structural studies of PrPC from various mammals likewise illustrated that the native 

structure of PrPC is highly conserved across species, with the only noteworthy distinction being 

the degree of flexibility seen a loop formed by residues 165-1757, herein referred to as the β2α2 

loop. In this same study, it was demonstrated that the structural rigidity of the β2α2 loop in PrPC 

could be controlled by single amino acid substitutions at two positions within this region – 170 and 

174 – without modification to any other residues in the protein.  

 

Transgenic mice with “rigid loop” substitutions S170N and N174T developed prion disease with 

modest PrP overexpression, below concentrations required to induce disease for wild type mice8. 

A species barrier limited transmission of isolates from these transgenic mice when injected into 

wild type, “flexible loop” mice, implying that substitution of residues 170 and 174 alone were 
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sufficient to induce a species barrier. That species barrier is reduced when host and inoculum 

sequences matched at residues 170 and 174, despite sequence variation at other positions9.  

 

From 1967-1979, another disease of clinical and pathological similarity to the spongiform 

encephalopathies was observed in captive mule deer10 followed by a similar disease observed in 

captive Rocky Mountain elk in the same facilities in Colorado11 that was named Chronic Wasting 

Disease (CWD). In 1999, a strikingly high rate of horizontal transmission of CWD compared to 

other prion diseases was also noted12. A molecular explanation for what exactly makes the rate 

of CWD transmission between cervids so much higher than the rate of transmission between 

animals with other prion diseases remains a mystery to this day, but the key may lie in the unique 

rigid loop sequence of the β2α2 loop found in cervid prions.  

 

After the discovery of the influence of sequence on the structural rigidity of the β2α2 loop in PrPC, 

the impact of sequence on the structure of the amyloid conformation of the β2α2 loop in PrPSc 

became of interest. Segments as short as six residues from the β2α2 loop form amyloids13–15, and 

the structures of human (170SNQNNF175)13 and elk (170NNQNTF175)14 β2α2 loops pack into their 

amyloid forms in distinct ways. Likewise, a recently determined microcrystal electron diffraction 

(MicroED) structure of a nine residue segment of the bank vole β2α2 loop forms a compact 

amyloid structure16. Compared to the previously determined 6-mer structures, the latter includes 

residues 168 and 169, which influence disease transmission and protease resistance17–19.  

 

In this work, we structurally and biophysically characterize a collection of crystalline amyloid 

aggregates formed by nine-residue segments of the mammalian prion β2α2 loop spanning 

residues 168-176 (human numbering) representing species with varying susceptibility to prion 

disease and differing transmission barriers (Figure 2.1 and 2.2). We found that the identity of 

residue 174 dictates whether these structures form one of two dominant amyloid packing 
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polymorphisms, a first held together by polar clasps within the same chain, and another stabilized 

by interdigitating sidechains reaching across to a mated strand. These packing preferences may 

have an influence on which regions of PrP are able to serve as a complementary strand packed 

against the β2α2 loop of each mammalian prion.   

 

Results 

 

MicroED Structures of Amyloids Formed by the β2α2 Loop of Naturally Occurring Mammalian 

Prions 

 

To better understand the amyloid features adopted by segments of the β2α2 loop of mammalian 

prions, we set out to determine atomic resolution crystal structures from eleven segments 

analogous to a previously studied bank vole β2α2 loop structure16 using microcrystal electron 

diffraction (microED) (Figure 2.2). These segments consisted of β2α2 loop sequences found in 

human, mouse/cow, pig/rabbit, and naked mole rat (elk T174S) PrP.  

 

The structures formed can be classified into two structural categories, where peptides derived 

from bank vole, mouse, and human sequences fall into one category and those derived from elk 

and naked mole rat fall into a second. These categories arise from distinct, incompatible packing 

and hydrogen bond network arrangements governed by the identity of residue 174 but not by 

variation in the identity of residues at other positions within the loop.  

 

The structures falling into category one are derived from amyloid conformations of mouse, human, 

and bank vole β2α2 loops. These structures are very similar with the only differences being more 

about relative stability of the structures than the structures themselves (Figure 2.3). All three 

structures share an architecture rich in unusually complex hydrogen bonding networks, but also 
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harbor distinct features that may manifest as transmission barriers (Figure 2.4). The charged 

residue at 168 in the human structure restricts polar ladder – and crystal – formation at pH greater 

than 4.5, a restriction not associated with crystals from any other naturally occurring segments, 

including mouse loop crystals. This data, combined with the inability of residue E168 and S170 to 

form a hydrogen bond at physiological pH in the human structure, suggests that aggregates of 

human PrP segments are more likely to form in an acidic chemical environment. This behavior is 

mirrored in full length recombinant human PrP fibrils, where low pH is required for fibrillization20, 

a restriction not associated with PrP fibrils from other species. With all other hydrogen bond 

networks in the crystal structures remaining conserved, the bank vole segment is able to form 4 

additional hydrogen bonds between residues 168 and 170 in a three-dimensional polar clasp 

arrangement satisfied by other residues in the same peptide or extending into the peptide layers 

above and below. The mouse segment is only able to make a single hydrogen bond in the form 

of a polar ladder for residue 168 only, and the human segment is likewise only able to form a 

single hydrogen bond in the form of a polar ladder, and only when the surrounding environment 

is sufficiently acidic.  

 

In the second packing category, hydrogen bond networks formed by N174 are disrupted by 

replacement with T or S in elk and naked mole rat structures respectively. Neither T174 nor S174 

can form a polar clasp with residue Q172 as in packing category 1, and a new network between 

170 and 172 is formed that influences the hydrogen bonds formed between side chains 

throughout the rest of the peptide (Figure 2.5). For the naked mole rat structure, Q168 does not 

participate in a polar clasp like its packing category one counterparts. Q168 instead forms a polar 

ladder stabilized by interdigitation with Q172 on an opposing chain. This type of stabilizing 

interaction – interdigitation between sidechains on mated sheets as opposed to interactions 

between residues on the chains above and below without interdigitation – is a feature of packing 

category 2 but not packing category 1.  
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Rabbits are relatively resistant to cross-species prion disease transmission21,22 for reasons that 

are not completely understood. The rabbit β2α2 loop harbors both S170 and S174, an unusual 

combination that gives rise to a rigid loop in PrPC 23. Here we aimed to investigate the structure 

taken on by the rabbit β2α2 loop in search of structural incompatibilities that may hamper disease 

transmission. Like the naked mole rat β2α2 loop structure, the rabbit structure displays two unique 

steric zipper interfaces and interdigitation of polar ladders that are a hallmark of packing category 

2 (Figure 2.5). The interface harboring interactions between even numbered residues closely 

resembles what was seen in the naked mole rat structure. The second interface, which has been 

conserved across all other 9 residue β2α2 loop structures regardless of which category they 

belong to, is completely unique to the rabbit structure. N171 and N173 still form polar clasps, but 

instead of forming between residues on the same strand, each residue reaches across the 

interface to pair with a residue on the mating strand. This also forces the aromatic residues, which 

hug inward in all other structures, to rotate and face outward.  

 

MicroED Structures from β2α2 Loop Peptides with Sequence Variations of Known Biological 

Consequence 

 

To assess the contribution of individual residues to structure and stability of β2α2 loop aggregates, 

structural and biophysical characterization of several synthetic segments was pursued. The 

S170N mutation is one of two residues involved in forming the “rigid loop” seen in some 

mammalian PrPC structures and has been shown to influence transmission barriers9,18.  Mutations 

to Y169 have been shown to have a dramatic effect on transmission and protease-resistance of 

the resulting prion aggregates17,19. A Y169G mutation completely hinders disease transmission17 

while a Y169F mutation - the removal of a single oxygen atom - has no impact on infectivity, but 

results in increased protease sensitivity19. Here, the impact of these mutations on structure and 
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stability was assessed for three 9 residue peptides: human S170N and Y169F, and bank vole 

Y169F. The structure taken on by a 7 residue variant with the Y169G mutation (169GSNQNNF175) 

has been explored in other work24,25 and a structure taken on by a synthetic bank vole Q172E 

mutant - 168QYNNENNFV176 (Figure 2.2) - will be further described in a future manuscript by 

Richards and Flores et al. Interestingly, none of these substitutions resulted in substantial 

structural rearrangement. Thus, whatever effects these mutations have that alter protease-

resistance and disease transmission could not be captured in these static end-point peptide 

crystal structures.  

Several other nine residue β2α2 loop segments of interest, including those representing chimp 

(QYSSQNNFV), elk (QYNNQNTFV), and the disease preventing sheep Q168R sequence 

polymorphism (RYSNQNNFV), were pursued but crystallization was not achieved.  For these 

samples, fiber diffraction was used to assess the amyloid character of the resulting aggregates. 

All aggregates, regardless of whether they were crystalline or fibrillar in structure, displayed 

classic features of amyloid steric zippers (Figure 2.7). These included rings in the fiber 

diffraction patterns at approximately 4.7-4.8Å and 10Å indicative of the interstrand and 

intersheet spacing respectively.  

 

Influence of β2α2 Loop on Fibril Morphology  

 

To assess the influence of the β2α2 loop on fibril morphology, β2α2 loop substitutions to match 

bank vole, elk, naked mole rat, human, and mouse / cow sequences were made against a bank 

vole PrP94-178 background. This span of residues was chosen to include the β2α2 loop, all residues 

previously believed to be part of a beta solenoid prion core26 and all residues in the ordered core 

of fibrils formed by a Y145Stop truncation capable of inducing disease in mice27 that displayed 

species-specific ssNMR spectra28. Since all fibrils were formed under identical growth conditions, 

differences in morphology are not a result of discrepancies in chemical environment and can only 
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be due to differences imparted by the protein itself. Each sample displayed a distinguishable 

morphology, with the bank vole loop containing fibrils forming rapidly twisting fibrils, mouse loop 

containing fibrils forming very short thick fibrils, human loop forming long matted fibrils, elk loop 

forming short fibrils of mixed thickness, and naked mole rat loop forming the longest rod-shaped 

filaments (Figure 2.8). This illustrates that changes to the β2α2 loop alone are able to influence 

overall fibril morphology.  

 

Discussion  

 

Species Barriers: A Product of Variation in PrPC Structure, Transition States, or End-Point Fibril 

Structure?   

 

All prion diseases must begin with a conversion of the natively folded PrPC to the disease 

associated PrPSc structure. While there is growing evidence that the end-point fibril structure of 

PrPSc differs between mammalian species and strains, the starting structure of PrPC is highly 

conserved. The main difference here lies in the rigidity of the β2α2 loop, which has been proposed 

as a possible explanation for species barriers7. The rigid loop hypothesis added to the collective 

understanding of the conversion path from PrPC to PrPSc, where sequence differences give rise 

to starting points of PrPC with sequence-dependent susceptibility to misfolding and structural 

conversion. The work presented here adds to our understanding of the possible endpoint 

structures reached by different mammalian prions, where two types of structures – one reliant on 

stabilizing interactions within the same chain and a second reliant on interdigitation of polar 

residues across an interface. We also presented how these structures may be favored in different 

chemical environments with different stabilities from one another, meaning the same PrPSc 

structures may not be strictly precluded from coexisting in different species, but unfavorable to 

form in the same environment. 
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Amyloid structures adopted by β2α2 loop segments  

 

Based on this collection of crystal structures, we have identified two modes of stabilization for 

amyloid conformations of mammalian prion β2α2 loops. The first (packing category 1) relies 

completely on interactions between residues on one side of the interface. All hydrogen bonds are 

satisfied by other residues in the same strand or by layers above and below, creating fewer 

restrictions on hydrogen bonding capabilities of the sequence of a mated strand. The surface 

displayed is also smooth (Figure 2.5) and could serve as a complement to many other sequences, 

not just those with large residues capable of interdigitation. Thus, the interface between this strand 

and another would not be specific and many different segments within the prion protein could 

serve as mates for this sheet.  

 

The second mode of stabilization (packing category 2) harbors interactions that more closely 

resemble those seen in other amyloid peptide structures where polar residues on one strand 

interdigitate with residues on a mated strand. This new surface for interaction is littered with clefts 

sized to fit specific residues with specific spacings, and thus this interface would be more 

discriminating in which sequences could serve as a mated strand than the surface seen in packing 

category 1. 

 

We have also determined that residue 174 governs the preferred types of stabilizing interactions 

– interdigitation versus polar clasps - and hydrogen bonds formed by other residues on the same 

side of the sheet in a way that other polar residues sitting on the same side do not. E versus Q at 

residue 168, S versus N at residue 170, and Q versus E at residue 172 were not able to influence 

the hydrogen bonding networks throughout the peptide. In contrast, having an N, as opposed to 

a T or S, at residue 174 did. Mutations S170N, Y169G, and Y169F also did not have an impact 

on which packing category a structure fell into, and thus their influence on transmission and 
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protease-resistance could not be explained by a structural change in the resulting aggregates in 

this work. For Y169F, this is in agreement with previous work showing that no strain shift occurs 

as a result of the mutation19.  

 

For β2α2 loop structures falling into the first packing category (human, mouse, and bank vole), 

hydrogen bonds were mostly satisfied by interactions between side chains belonging to the same 

strand with minimal interdigitation or cross-strand interaction. For structures falling into the second 

packing category (naked mole rat and elk 6mer), two unique steric zipper interfaces were 

observed, with one identical to the single interface seen in the first packing category, and a 

second, new interface with slightly more interdigitation resulting from a T or S at residue 174. The 

rabbit structure more closely resembles the second packing category, due to a similar interface 2 

resulting from an S at residue 174. However, the rabbit structure has a completely unique interface 

that isn’t seen in any other β2α2 loop structure presented here. This interface is uniquely formed 

through polar clasps formed between mated strands. This preferred mode of aggregate 

stabilization is incompatible with all other β2α2 loop structures, and represents how different 

preferred hydrogen bond networks could translate into distinct protofilament arrangements and 

structural incompatibilities that hinder disease transmission.  

 

Stability of β2α2 loop aggregates  

 

Crystals formed by wild type and a Y169F mutant of the bank vole prion β2α2 loop were largely 

insensitive to pH and chaotropic agents (Figure 2.3). The Y169F mutation has been shown to 

increase proteinase K sensitivity and decrease overall density of prion aggregates without 

creating a strain shift19. This mutation resulted in no changes to the structure taken on by β2α2 

loop aggregates studied here, including no changes to the number of ordered water molecules 

observed in the structure. Likewise, the crystalline aggregates of both the wild type bank vole 
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β2α2 loop and the Y169F mutant were relatively insensitive to changes in pH and chaotropic 

agent concentrations compared to other crystalline β2α2 loop sequences. This mutation leaves 

all polar ladders - including the three polar clasps - in the structure intact. The location of the 

oxygen atom removed by the change from tyrosine to phenylalanine is buried in both structures - 

past tightly packed backbones spaced 4.7Å apart and past stable polar clasps held together by 4 

interlocking hydrogen bonds per layer and an aromatic stack. When present, the oxygen atom 

only makes a single weak hydrogen bond to the backbone of the mated beta sheet and its removal 

is inconsequential for these crystalline aggregates. In a recently determined structure of an 

infectious prion from the 263K scrapie strain29, Y169 is solvent facing. Thus, removal of an oxygen 

atom here may have an influence on prion fibril structure and interaction partners that cannot be 

captured in the peptides studied here. Another possibility is that this residue is critical for a 

transition state, which could neither be assessed here nor by any end-state fibril structure.   

 

Crystals formed by the wild type mouse/cow β2α2 loop dissociate on exposure to basic 

environments and are somewhat more sensitive to chaotropic agents than wild type and Y169F 

mutant bank vole counterparts. Conformations of all residues in the mouse/cow peptide structure 

were essentially identical to those in the bank vole peptide structure with the exception of residue 

170, which is an asparagine in the bank vole sequence and a serine in the mouse/cow sequence. 

The serine residue is unable to form a polar ladder due to its small size and lack of a nitrogen 

atom, and thus a polar clasp also cannot form between residues 168 and 170. This reduces the 

strength of the three-dimensional polar clasp consisting of four hydrogen bonds per pair of 

stacked sheets, to the single linear hydrogen bond formed along the Q168 polar ladder. This small 

change results in a much less stable structure and greater sensitivity to aggregate denaturation 

by chaotropic agents guanidine and urea.   
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As might be anticipated, the weakest aggregates harbored a negatively charged residue at 

position 168, which prevents the formation of aggregates at pH above the pKa of glutamate (~4.5) 

and readily dissolves existing aggregates. This sensitivity to basic environments cannot be 

mitigated by introduction of an asparagine at position 170 in place of serine, which allows for 

formation of a polar ladder regardless of pH, and formation of a full polar clasp at pHs below the 

pKa of glutamate. The human β2α2 loop crystalline aggregates as well as loop mutants Y169F 

and S170N - which leave E168 unchanged - were also more sensitive to denaturation by urea 

and guanidine than all β2α2 loop aggregates with a glutamine at residue 168 except for rabbit/pig 

β2α2 loop aggregates. This can be explained by the distinct packing arrangement seen in the 

rabbit/pig β2α2 loop crystals. This peptide crystallized as a class 1 (face-to-face)13 steric zipper 

with two unique interfaces between mated sheets, whereas all other peptides investigated in 

stability experiments crystallized as class 2 (face-to-back) steric zippers with a single unique 

interface between mated sheets. The absence of steric zippers and polar clasps on the outer 

edge of human (including mutants that do not mutate E168) and rabbit/pig β2α2 loop crystals are 

a likely explanation for their increased sensitivity to chaotropic agents compared to Q168 

containing β2α2 loop crystalline aggregates that pack as class 2 steric zippers.   

 

Lastly, these changes in peptide structure and environment response translated to changes in 

fibril morphology when loop mutations were incorporated into a bank vole prion background. Each 

construct displayed malleable morphological preference when subjected to different chemical 

growth environments (data not shown), illustrating the known influence of environment on fibril 

morphology formed. When growth conditions were held constant, fibrils containing different β2α2 

loop sequences – just 3 residue changes maximum – gave rise to readily distinguishable 

polymorphs that were sequence dependent. This illustrates that just a few residues in the β2α2 

loop are sufficient to influence fibril structure, at least to some degree.   
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Materials and Methods  

 

Crystallization 

 

All peptides were synthesized and purified by HPLC to 98% purity by Genscript. All peptides were 

dissolved in water at the concentration listed in Table 1 with the exception of naked mole rat and 

rabbit / pig 168-176, which were dissolved in 1% and 4% DMSO respectively. Peptides were then 

either added directly to 96-well hanging-drop broad screen crystallization trays or filtered using a 

0.22 micron filter according to Table 1. Some conditions produced crystals that could be readily 

identified by light microscopy while others produced aggregates that could be either crystalline or 

fibrillar. In the absence of clear crystalline hits, conditions with potential crystals were screened 

by transmission electron microscopy (TEM). Aggregates with crystalline features were also 

screened for diffraction quality by TEM. Initial hits containing either crystals or near-crystalline 

aggregates were then optimized via 24 well hanging-drop vapor diffusion experiments until the 

final crystallization conditions that yielded the largest monomorphic crystals with the best 

diffraction patterns observed by TEM were obtained (Table 1). It is worth noting that optimizing 

crystallization conditions for many of these peptides was not trivial. Subtle changes in peptide 

preparation and growth conditions impacted crystal morphology and led to incremental 

improvements in diffraction quality. For some peptides, many rounds of tedious optimization were 

needed to reach the final condition used for structure determination.  

 

Expression and Purification BvPrP94-178 with β2α2 loop substitutions 

 

As will be described in chapter 3 on rHuPrP94-178 30 and in chapter 4 on rBvPrP94-178, a gene 

encoding the equivalent bank vole PrP residues, 94-178, with M109 genotype was purchased 

from IDT. Four additional constructs, which were identical in sequence except for β2α2 loop 
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substitutions to match elk, naked mole rat, human, and mouse β2α2 loops, were also purchased. 

Each construct was cloned into a pET24a+ derivative vector lacking purification or solubility tags 

using Gibson assembly cloning between NcoI and XhoI restriction sites. The sequence of each 

construct was verified by DNA sequencing (Genewiz). A summary of all protein constructs used 

in this chapter and subsequent chapters is included in appendix Table 1. Each construct was 

transformed into BL21 GOLD (DE3) cells and grown to an optical density at 600nm (OD600) of 

0.6-0.8 at 37 degrees C while shaking at 180-230rpm. Overexpression was induced by addition 

of IPTG to 1mM and cells were allowed to continue shaking under the same condition for 4-6 

hours before being harvested via centrifugation at 8,000g for 10 minutes. Cell pellets were stored 

at -80 degrees C until subsequent purification steps were performed.  

 

Purification was carried out as previously described30,31 and reiterated here. Cell pellets were 

resuspended in 25 mM Tris-HCl pH 8 and 5 mM EDTA (Buffer A) with HALT protease-inhibitor 

cocktail (Sigma Aldrich). Cells were then lysed using an EmulsiFlex-C3 High Pressure 

Homogenizer (Avestin) and pelleted via centrifugation at 30,000g for 1 hr (rBvPrP94-178 with bank 

vole, elk, naked mole rat, and human loops) or at 10,000g for 40 minutes (rBvPrP94-178 with mouse 

/ cow loop) at 4 degrees C. The supernatant was removed before the pellet was resuspended 

again in Buffer A and centrifuged under the same conditions to remove any remaining soluble 

material. This pellet was either immediately processed or stored at -80 degrees C until purification 

continued the next day. The pellet was next solubilized in freshly made 8 M Guanidine-HCl, 25 mM 

Tris-HCl pH 8 and 100 mM DTT (Buffer B) before centrifugation for 20 minutes at 20,000g 

(rBvPrP94-178 with bank vole, elk, and naked mole rat loops) or 35,000g (rBvPrP94-178 with human 

and mouse / cow loops) based on how readily soluble and insoluble material separated. The 

supernatant containing solubilized inclusion bodies was filtered using a 0.45 micron filter. 2µl per 

injection of filtered sample was injected into an  NGC chromatography system (Biorad) and flowed 
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over an ENrich SEC 650 10 × 300 column (Biorad) equilibrated with freshly made 6 M Guanidine-

HCl, 12.5 mM Tris-HCl pH 8, 5 mM DTT and 1 mM EDTA (Buffer C).  

 

All proteins eluted partially in the void volume, indicative of multimers or incomplete solubilization, 

but a majority eluted as a monomer. Monomeric prion protein-containing fractions were pooled 

and buffer exchanged into 8M urea using a Duoflow chromatography system (Biorad) and a 

HiTrap Desalting column (GE Healthcare) either the same day or the next day following flash 

freezing and storage at -80 degrees C. After desalting, protein containing fractions were pooled 

and concentrated to 3.2 - 8 mg/ml before being flash frozen using liquid nitrogen and stored at -

80 degrees C until use.  

 

Fibrillization of rBvPrP94-178 with β2α2 Loop Substitutions  

 

In order to control for differences in fibril morphology induced by differences in growth conditions, 

all proteins were fibrillized under the same conditions. All fibrils were formed at 1mg/ml in 1M 

urea, 200mM NaCl, and 50mM NaCitrate pH 4 via acoustic resonance mixing at 38Hz for a few 

days.  

 

Transmission electron microscopy  

 

Crystalline samples were prepared for Transmission electron microscopy (TEM) screening for 

crystal and diffraction quality as previously described16. In brief, 2-3 µL drops from 24 well 

crystallization screens were either pipetted and applied directly to a 300 mesh formvar carbon 

(F/C) grid (Ted Pella) and allowed to incubate for approximately 2 minutes before excess liquid 

was wicked away with filter paper. For drops where crystals stuck to the cover slip or aggregates 

were difficult to pipet, an additional 2-3 µL of well solution was added to the drop to aid in sample 
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removal before application to a grid. Grids were screened on a Thermo Fisher Tecnai 12 

microscope for crystal presence and quality before being screened for dry diffraction quality on a 

Thermo Fisher Tecnai F20. Samples with the highest quality diffraction were used for microED 

data collection. Fibrillar samples were prepared similarly and as previously described30. 

 

MicroED Sample Preparation 

 

Each peptide crystal solution was pipetted to aid in creating a monodisperse solution for grid 

application. All holey carbon grids (Quantifoil R 2/4, 1/4, 2/1, or 2/2, 200 or 300 mesh Copper, 

Electron Microscopy Sciences) were glow discharged using a PELCO easiGlow and plunge 

frozen into liquid ethane using an FEI Vitrobot Mark IV set to 0% humidity after sample application. 

1.5µL (EYNNQNNFV, QYSNQNSFV), 1.8µL (QYSNQNNFV, EFSNQNNFV, QFNNQNNFV), 2µL 

(YSNQNNF, EYSNQNNFV, QYNNENNFV, QYNNQNSFV), or 2.5µL (QYSNQNSFV) was applied 

to the carbon side only (QYSNQNNFV, EYNNQNNFV, EFSNQNNFV, QFNNQNNFV, 

QYSNQNNFV) or both sides (YSNQNNF, EYSNQNNFV, QYSNQNSFV, QYNNENNFV, 

QYNNQNSFV) of the grid. A blot force of 22 was used  for all samples except EYNNQNNFV, 

YSNQNNF and EYSNQNNFV, which used a blot force of 20 (EYNNQNNFV) or 6-10 (YSNQNNF 

and EYSNQNNFV). Blot times of 15-20 (YSNQNNF, EYSNQNNFV), 18.5 (QYSNQNNFV, 

EFSNQNNFV, QFNNQNNFV), 20 (EYNNQNNFV), 22 (QYNNENNFV), 24 (QYSNQNSFV), 25 

(QYNNQNSFV), or 26 (QYSNQNSFV) were used depending on whether peptide crystals 

diffracted better more wet or more dry.  

 

MicroED Data Collection 

 

For the peptides YSNQNNF, EYSNQNNFV, QYSNQNNFV, EYNNQNNFV, EFSNQNNFV, 

QFNNQNNFV, QYSNQNSFV, QYNNENNFV and GSNQNNF, diffraction patterns were collected 



 63 

under cryogenic conditions using an FEI Tecnai F20 transmission electron microscope operating 

at 200keV equipped with a bottom mount TemCam-F416 CMOS camera (TVIPS). Diffraction 

patterns were collected at a detector distance of 730mm or 520mm (QYNNENNFV and 

GSNQNNF only) with 2 second, 3 second (GSNQNNF only), or 5 second (QYSNQNSFV and 

GSNQNNF only) exposures while continuously rotating at 0.3 degrees per second, 0.25 degrees 

per second (QYSNQNSFV and QYNNENNFV only), or 0.2 degrees per second (GSNQNNF only). 

For QYNNQNSFV, diffraction patterns were also collected under cryogenic conditions, but using 

a Thermo Fisher Talos Arctica operating at 200keV equipped with a Thermo Fisher CetaD CMOS 

detector. Diffraction patterns were collected at a detector distance of 750mm with 3 second 

exposures while the stage was continuously rotated at 0.3 degrees per second.  

 

MicroED Data Processing  

 

Diffraction images for all peptides were indexed and integrated in XDS32 with the best datasets 

contributing to the final solutions merged in XSCALE32. All datasets were of sufficient quality at 

high-resolution to yield unambiguous direct methods solutions and ranged in resolution from 0.85 

- 1.05A. Atomic models were built into Coulomb potential maps in Coot33 and refined in either 

PHENIX34 (EYSNQNNFV, QYSNQNNFV, EYNNQNNFV, QYSNQNSFV, QYNNQNSFV), 

REFMAC35 (EFSNQNNFV, QYNNENNFV, QFNNQNNFV), or a combination of PHENIX, 

REFMAC, and Buster36 (GSNQNNF, YSNQNNF). Refinement statistics for all structures are listed 

in Table 2.  

 

Fibril diffraction of mammalian β2α2 loop peptide crystals or fibrils  

 

Crystalline (QYNNQNNFV, QYSNQNNFV, EYSNQNNFV, QYSNQNSFV, QYNNQNSFV, 

QFNNQNNFV, EFSNQNNFV) or fibrillar (QYNNQNTFV, RYSNQNNFV, QYSSQNNFV) 
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aggregates were centrifuged at low speed, had growth buffer removed via pipetting, and 

subjected to addition of a smaller volume of water repeatedly in order to remove excess salts that 

would compromise fibril diffraction patterns. The concentrated aggregate solution was then 

applied between two blunted capillaries and allowed to dry. Additional aggregate solution was 

applied repeatedly until a sufficiently sized aggregate bundle was achieved. All samples with the 

exception of QYSNQNSFV were allowed to dry before being diffracted with the cryo-stream 

pointed away from the sample using a 5 minute exposure to a FRE+ rotating anode generator 

with VARIMAX HR confocal optics producing Cu K-α radiation (Rigaku, Tokyo, Japan). Diffraction 

patterns were collected using a RIGAKU R-AXIS HTC imaging plate detector at a distance of 

156 mm from the x-ray source. For QYSNQNSFV,  small sample volumes prevented complete 

removal of all excess salts. To minimize salt rings in diffraction patterns, QYSNQNSFV 

aggregates were diffracted while wet with 50% glycerol applied to the aggregate immediately 

before diffraction with the cryo-stream directed at the sample.  

 

Chemical Denaturation of Mammalian β2α2 loop crystals  

 

Each peptide was allowed to form crystalline aggregates according to the conditions given in 

Table 1. These solutions were treated similarly to the previously described bank vole β2α2 loop 

crystals16. Using a high concentration of crystalline material, all crystals were diluted 4x into a final 

concentration solution of 0.5-4.5M guanidinium-HCl, 0.5-6M urea, 0.75M HCl, MES pH 2.5, NaAc 

pH 4.5, MES pH 6, Tris-HCl pH 8.5 or 10, MES pH 11.5, NaOH, or water. After mixing with buffers 

of varying pH, each solution was tested with pH paper to ensure the desired pH had been reached. 

For QYSNQNSFV crystals, the crystallization buffer reacted with low pH solutions, so crystals 

were centrifuged at low speed to pellet crystalline material. The supernatant containing the 

crystallization buffer was removed and replaced with an equal volume of water, which did not 

cause the crystals to dissolve. Absorbance was used as a proxy for aggregate content, and an 
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absorbance spectra from 250-700nm was recorded using a Nanodrop One (Thermo) within a few 

minutes of mixing crystals with each solution. Each measurement was performed in triplicate with 

the exception of QYSNQNNFV, which had one measurement recorded per condition. A solution 

consisting of 0.01% w/v latex spheres suspended in water was used as an absorbance control. 

Absorbance readings for each crystal solution were scaled by setting the untreated crystals to a 

relative optical density at 600nm of 1, thus readings shown in Figure 2.1 are absorbance level 

relative to untreated crystals of the same type.  
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Atomic coordinates and structure factors for all microED structures have been deposited in 

wwPDB under accession codes 7RVC (EYSNQNNFV), 7RVD (QYSNQNNFV), 7RVE 

(EYNNQNNFV), 7RVF (QFNNQNNFV), 7RVG (QYSNQNSFV), 7RVH (QYNNENNFV), 7RVI 

(QYNNQNSFV), 7RVJ (YSNQNNF), 7RVK (GSNQNNF),  and 7RVL (EFSNQNNFV). Other 

structures that are described in this work but previously published can be found under PDB 

accession codes 2OL9 (SNQNNF)13, 6AXZ (QYNNQNNFV)16, and 3FVA (NNQNTF)14. Source 

data for all figures and files is available from the authors upon reasonable request.  
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Figure 2.1. The β2α2 loop misfolds into amyloid. The β2α2 loop of mammalian prions (left) 

takes on a loop structure in PrPC (center and top right) but misfolds into a beta sheet amyloid 

conformation (bottom right). Residues that vary between mammals (168, 170 and 174) are 

colored. Human PrPC structure with PDB ID 1QLX37 is shown.   
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Figure 2.2. Structures of crystalline mammalian prion β2α2 loop aggregates. All crystal 

structures resolved in this chapter are presented here. Additionally, three published structures 

from peptides SNQNNF13, NNQNTF14, and QYNNQNNFV16 are included for reference. All 

structures except for the bottom row are class 2 (face-to-back) steric zippers that fall into packing 

category 1. The bottom row is composed of class 1 (face-to-face) steric zippers that fall into 

packing category 2. 
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Figure 2.3. Denaturation of β2α2 loop crystals. (a) Wild type peptide crystals were subjected 

to 0.75M buffers at the specified pH (left column), increasing concentrations of guanidine HCl 

(center column), and increasing concentrations of urea (right column). (b) Human and (c) bank 

vole variants, including the wild type crystals shown in (a), plotted on the same axis as their wild 

type counterparts for direct comparison 

  



 74 

 
 

Figure 2.4. Structural Conservation in the β2α2 Loop. Structures from the amyloid state of 

bank vole (top) mouse (center) and human (bottom) β2α2 loops show a conserved interface and 

sets of hydrogen bond networks (right). Species-specific differences in the hydrogen bonding 

networks between residues 168 and 170 give rise to differing stabilities for the three crystalline 

aggregates (left).  

  



 75 

 
 

Figure 2.5. β2α2 Loop Structures Fall Into Two Structural Categories. Packing arrangement 

for mouse, human, and bank vole (top) and mole rat, elk, and rabbit (bottom) β2α2 loops with 

black line highlighting the promiscuous (top) and selective (bottom) interfaces formed in each 

packing category. Insets show a conserved hydrogen bonding network across species between 

N171 and N173 (center column, blue boxes). For bank vole, mouse, and human loops (top) N172 

and N174 form a clasp (center column, top blue box) while elk and naked mole rat structures 

(bottom) form a clasp between N170 and N172 (center column, center pink box), leaving Q168 

free to form a polar ladder that can interdigitate with a complementary mated sheet. Residues 

that vary between species are colored in text and residue 174 is shown in color and underlined. 

*The rabbit loop structure falls into packing category 2, but has additional unique features that 

distinguish it from both categories. 
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Figure 2.6. Comparison of naked mole rat and rabbit loop structures. (a) Naked mole rat 

(yellow) and rabbit (pink) loop structures share a common interface seen in packing category 2. 

(b) Interface 1 is composed of inward facing aromatic residues and a polar clasp between N171 

and N173 on the same strand for all structures regardless of packing category with the exception 

of the rabbit loop structure (right). (c) A polar clasp is formed in both non-rabbit (left) and rabbit 

(right) structures, however in the rabbit structure the clasp is formed by N171 and N173 on mated 

sheets rather than via interactions within a single sheet.  
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Figure 2.7. Fiber Diffraction of β2α2 

loop aggregates. Fiber diffraction 

patterns were collected for crystalline 

(bank vole, mouse, human, rabbit, 

and naked mole rat) and fibrillar 

(chimp, sheep R168 sequence 

polymorph, and elk) aggregates. All 

aggregates share ~4.8 and ~10Å 

reflections indicative of underlying 

amyloid structure.  
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Figure 2.8. Influence of the β2α2 

loop on fibril structure. Crystal 

structures for bank vole, mouse / 

cow, human, naked mole rat, and 

elk β2α2 loops are shown along 

with fibrils formed by rBvPrP94-178 

harboring the loop substitutions in 

residues 168-176 belonging to 

each species. Scalebars = 200nm.  
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Table 1: Crystallization Conditions for β2α2 Loop Peptides  
 

Species 
(Mutation) 

Sequence Concentratio
n (mg/ml) 

Solute Filtered Crystallization Condition 

Human  EYSNQNNFV 4 Water No 20% EtOH 0.1M NaAc pH 4.5 0.1M Li2SO4 

Mouse / Cow QYSNQNNFV 10 Water No 15% EtOH 0.2M MES pH 6.0 0.5M ZnOAc 

Naked mole rat QYNNQNSFV  4 1% DMSO Yes 5% isopropanol 0.1M NaCacodylate pH 6.5 0.1M 
ZnAc 

Rabbit / Pig QYSNQNSFV 2 4% DMSO Yes 0.05M CHES pH 9 0.2M Li2SO4 1.3M Na/K Tartrate 

Human (S170N) EYNNQNNFV 2 Water Yes 0.1M NaOAc pH 4.5 1M NaCl 0.1M Li2SO4 

Human (Y169F) EFSNQNNFV 2 Water Yes Water 

Bank Vole 
(Y169F) 

QFNNQNNFV 2 Water No 10% MPD 0.2M MES pH 6 

Bank Vole 
(Q172E) 

QYNNENNFV 1 Water Yes 0.1M NaAc pH 4.5 2.5M NaCl 0.1M Li2SO4 

Human / Mouse 
(Y169G) 

GSNQNNF 10 Water Yes 10% (w/v) PEG-8000 0.1M MES pH 6 0.2M 
Zn(OAc)2 

Human / Mouse / 
Cow  

YSNQNNF 10 Water Yes 10% (w/v) PEG-3000; 0.1M Na/K phosphate pH 6.2 
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Table 2. Data collection and refinement statistics  
7 EYSNQNNFV 

(7RVC) 
QYSNQNNFV 

(7RVD) 
QYNNQNSFV 

(7RVI) 
QYSNQNSFV 

(7RVG) 
EYNNQNNFV 

(7RVE) 
EFSNQNNFV 

(7RVL) 
QFNNQNNFV 

(7RVF) 
QYNNENNFV 

(7RVH) 
GSNQNNF 

(7RVK) 
YSNQNNF 

(7RVJ) 

Data collection           

No. Crystals Merged 6 8 5 4 3 8 9 6 7 7 
Space group P1 P1 C2 P21 P1 P1 P1 P1 P1 P1 

Cell dimensions             
    a, b, c (Å) 10.02 4.89 

31.33 

4.87 10.17 

31.29  

62.76 4.85   

21.52 

23.57 4.86  

27.70 

4.93 10.14  

31.56 

4.90 10.38 

30.26 

4.88 10.56 

29.98  

4.87 10.06 

30.66 

14.14 4.87 

18.15 

24.39 4.95 

20.86 

    α, β, γ (°)  90.99 91.43 
102.18 

94.65 90.73 
101.15 

90.00 109.14  
90.00 

90.00 111.21  
90.00 

94.13 90.59 
102.74 

90.91 90.82 
102.25 

93.89 92.38 
103.29 

94.85 90.26 
99.99 

93.21 91.02 
101.83 

86.52 77.16 
85.68 

Resolution (Å)a 10.44 - 1.00 
(1.03 - 1.00) 

10.39 - 1.00 
(1.03 - 1.00) 

10.76 - 1.05 
(1.08 - 1.05) 

7.18 - 1.00 
(1.03 - 1.00) 

9.86 - 0.85 
(0.87 - 0.85)  

10.14 – 1.00 
(1.00 – 1.03) 

10.24 - 1.00 
(1.03 - 1.00) 

7.98 - 0.90 
(0.93 - 0.90) 

13.84 - 1.00 
(1.03 - 

1.00) 

11.87 - 1.00 
(1.03 - 1.00) 

Rmerge, 0.187 (0.432) 0.167 (0.514) 0.287 (0.589) 0.204 (0.698) 0.185 (0.505) 0.178 (0.363) 0.229 (0.636) 0.197 (0.475) 0.238 

(0.430) 

0.283 

(0.478) 

I/σ(I) 5.56 (2.11) 3.99 (1.33) 5.00 (2.47) 5.72 (2.45) 3.81 (1.22) 5.99 (3.66) 5.33 (2.28) 5.21 (2.56) 5.05 (2.25) 4.49 (1.72) 
CC1/2 0.988 (0.840) 0.988 (0.742) 0.981 (0.931) 0.994 (0.699) 0.985 (0.617) 0.985 (0.940) 0.980 (0.711) 0.988 (0.783) 0.980 

(0.862) 

0.957 

(0.336) 
Completeness (%) 97.49 (77.00) 93.74 (94.70) 80.00 (83.50) 74.90 (71.70) 89.80 (43.20) 87.10 (69.70) 94.80 (54.90) 81.00 (82.30) 80.30 

(64.70) 

85.80 (56.5) 

Redundancy 5.2 (4.1) 3.0 (2.4) 8.4 (8.6) 7.4 (6.6) 3.5 (2.4) 5.4 (5.0) 6.2 (5.2) 5.4 (4.9) 6.2 (4.3) 5.5 (2.3) 

           

Refinement           
Resolution (Å) 1.00 (1.26 - 

1.00) 

1.00 (1.26 - 

1.00) 

1.05 (1.32 - 

1.05) 

1.00 (1.26 - 

1.00) 

0.85 (0.97 - 

0.85) 

1.00 (1.26 - 

1.00) 

1.00 (1.03 - 

1.00) 

0.90 (0.92 - 

0.90) 

1.00 (1.12 - 

1.00) 

1.00 (1.12 - 

1.00) 
No. reflections 3031 (167) 2977 (215) 2612 (187) 2669 (181) 4694 (161) 2737 (163) 2938 (123)  2076 (123) 4309 (204) 

Rwork  0.163 (0.174) 0.201 (0.199) 0.227 (0.212) 0.218 (0.259) 0.218 (0.274) 0.192 (0.196) 0.221 (0.336) 0.222 (0.302) 0.202 
(0.208) 

0.226 
(0.222) 

Rfree 0.168 (0.188) 0.250 (0.257) 0.265 (0.264) 0.220 (0.277) 0.266 (0.331) 0.211 (0.213) 0.251 (0.252) 0.235 (0.254) 0.238 

(0.222) 

0.233 

(0.236) 
No. atoms           

    Protein 144 147 79 144 148 143 148 148 97 224 
    Ligand/ion 

(specify/describe) 

0 0  6 

(NaCacodylate) 

0 0 0 0 0 8 

(ZnAcetate) 

0 

    Water 1 0 3 4 2 1 2 2 6 8 

B factors           

    Protein 9.09 8.49 3.33 5.41 23.60 7.95 6.25 4.48 4.95 3.57 
    Ligand/ion  - 9.47 - - - - - 8.71 - 

    Water 20.04 - 9.01 11.46 22.27 24.20 21.24 12.64 14.52 4.40 
R.m.s. deviations           

    Bond lengths (Å) 0.017 0.008 0.011 0.011 0.013 0.010 0.008 0.009 0.010 0.010 
    Bond angles (°) 1.607 0.920 1.086 0.844 1.106 1.019 1.662 1.306 0.940 0.910 

a Values in parentheses are for highest-resolution shell
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Chapter 3 

 
Cryo-EM structure of a human prion fibril with a hydrophobic, protease-resistant core  
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Prions1, from benign assemblies to pathogenic proteinaceous 
infectious particles, undergo self-templated propagation 
and are found across the domains of life2–4. The protein-only 

hypothesis for prion proteopathy rests on the existence of a poly-
peptide quaternary structure that encodes infectious and toxic 
properties1. The mammalian prion protein can adopt both a native 
globular fold (PrPc) and a self-templating infectious fold (PrPSc) that 
can spread within or between certain species1. Despite the availabil-
ity of native PrPc (ref. 5) structures, atomic structures of PrPSc are 
lacking6–10 and its mechanism for self-templating and lateral trans-
mission remains a mystery6–8,11.

The enigma of prion propagation is deepened by the capacity of 
a single prion sequence to present variable pathologies1,12. Prion-
induced disorders, such as transmissible spongiform encephalopa-
thies (TSEs)13, can have both genetic and sporadic origins12,13. Those 
caused by coding variants of the human prion protein include 
Creutzfeldt–Jakob disease (CJD), fatal familial insomnia (FFI) 
and Gertsmann–Sträussler–Scheinker (GSS), while sporadic TSEs 
include cases of Kuru, CJD, sporadic fatal insomnia (sFI), iatro-
genic CJD and the new variant form of CJD (vCJD) associated with 
bovine encephalopathy1,13.

A molecular basis for prion disease has been established in part 
through the characterization of PrPSc isolates1. PrPSc from infected 
tissues can be resistant to proteolysis and denaturation14,15 and asso-
ciated with fibrillar deposits16. Assemblies of infectious protease-
resistant prions (PrPRes) can be associated with disease, fibrillar 
and variable in size and infectivity17,18. Electron micrographs of one 
protease-resistant infectious prion fragment, known as PrP 27–30 
(27–30 kDa)19, reveal polymorphic deposits that contain beta-sheet-
rich fibrils or rods20,21, potentially comprised of two intertwined 
protofilaments22.

Progress in prion studies has been accelerated by laboratory-
generated constructs. Atomic structures of peptides fewer than  
10 residues long reveal partial clues to the molecular basis for 

prion assemblies23,24, but lack context. PrP segments as short as 
21 residues in length are fibrillogenic and toxic, but incapable of 
propagating disease25, while recombinant fibrils of an 89-residue  
segment of bank vole PrP (PrP 90–178) are likewise fibrillogenic 
and show biophysical characteristics that mimic brain-derived  
PrPSc (ref. 25). Recombinantly generated26,27, C-terminally trun-
cated28 and unglycosylated29 prions have now been shown to  
spontaneously form PrPSc-like aggregates that under certain  
conditions can retain infectivity and recapitulate transmis-
sion barriers in mouse models27,30,31. For example, recombinant, 
C-terminally-truncated prion amyloid fibrils with parallel, in-regis-
ter strands—whose most ordered region includes residues 112–139 
of the mouse prion sequence32,33 (moPrP23-144)—are infectious 
to mice28. Thus, recombinant forms of mammalian PrP can cre-
ate synthetic pathogenic prions28. However, structural variation 
between in  vitro-generated and tissue-isolated pathogenic prions 
can exist, as illustrated by comparisons of recombinant PrP fibrils 
generated in  vitro with fibrils from full-length ex vivo infectious 
mouse prion isolates22,34,35. These differences underscore the need 
for atomic structures of both tissue-isolated and in vitro-generated 
prion assemblies.

Results
Cryo-EM of recombinant, protease-resistant human prion 
fibrils. To gain atomic insights into the biophysical properties of 
prion assemblies, we interrogated the structure of prion fibrils 
formed by an 85-residue, 9.7-kDa fibrillogenic peptide encod-
ing residues 94–178 of the human prion protein (rPrP 94–178) 
(Extended Data Fig. 1). This recombinant, unglycosylated segment 
encompasses a substantial portion of the protease-resistant core 
of PrPSc (ref. 16,36,37) and the entire hydrophobic region of PrP (Fig. 
1a)38–41. Within these regions are major portions of fibrillogenic seg-
ments previously shown to form infectious species with biophysical 
properties that mimic those of PrPSc (ref. 25,28,32). Continuous mixing 

Cryo-EM structure of a human prion fibril with a 
hydrophobic, protease-resistant core
Calina Glynn1, Michael R. Sawaya! !2, Peng Ge! !3, Marcus Gallagher-Jones1, Connor W. Short1,  
Ronquiajah Bowman1, Marcin Apostol2,5, Z. Hong Zhou3,4, David S. Eisenberg! !2 and 
Jose A. Rodriguez! !1 ✉

Self-templating assemblies of the human prion protein are clinically associated with transmissible spongiform encephalopathies. 
Here we present the cryo-EM structure of a denaturant- and protease-resistant fibril formed in vitro spontaneously by a 9.7-kDa 
unglycosylated fragment of the human prion protein. This human prion fibril contains two protofilaments intertwined with screw 
symmetry and linked by a tightly packed hydrophobic interface. Each protofilament consists of an extended beta arch formed by 
residues 106 to 145 of the prion protein, a hydrophobic and highly fibrillogenic disease-associated segment. Such structures of 
prion polymorphs serve as blueprints on which to evaluate the potential impact of sequence variants on prion disease.
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of recombinantly purified rPrP94–178 in acidified 4M urea produced 
a heterogeneous population of aggregates that included amorphous 
species, fibrils and rods (Extended Data Fig. 1)25. Treatment with 
proteinase-K clarified the rPrP 94–178 aggregates by removing 
some species while sparing others (Extended Data Fig. 2). The rem-
nants of protease digestion were preserved in a solution of 2% SDS 
in a frozen-hydrated state for high-resolution cryo-electron micros-
copy (cryo-EM) (Extended Data Figs. 1 and 2).

Views of rPrP 94–178 fibrils were sorted into two-dimensional 
(2D) classes that revealed one major, and several less abundant, mor-
phologies. The most abundant morphology included unbranched 
fibrils approximately 8–10 nm wide with a 126-nm helical pitch; 
this type of fibril represented approximately 71% of selected par-
ticles. The other morphologies, broadly classified as rods or rib-
bons of thickness varying from 7.2–18.8 nm, accounted for the 
remaining 29% of selected particles (Extended Data Figs. 3 and 4).  

The three-dimensional structures of the less abundant species were 
not determined in this work owing to their apparent absence of a 
regular helical twist. For this reason, we could not discern whether 
2D classes of rod or ribbon fibrils represented different views of the 
same polymorph.

Architecture of a recombinant, protease-resistant human prion 
fibril polymorph. A 3.5-Å-resolution 3D map of the rPrP 94–178 
fibril core (Fig. 1c) was obtained by helical reconstruction with 
21 screw symmetry from 76,246 square windows with a length of 
428 Å, selected along the length of rPrP 94–178 fibrils (Extended 
Data Fig. 3 and Table 1). Approximately half of the 85 residues in 
rPrP 94–178 could be placed into the cryo-EM map and modeled 
as part of two symmetric protofilaments that compose rPrP 94–178 
fibrils. These represent a protease-resistant structure we refer to as 
rPrPRes (Fig. 1 and Extended Data Fig. 5).
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Fig. 1 | PrP domain architecture and structure of the rPrPRes fibril, the protease-resistant core of rPrP 94–178. a, Schematic representation of prion protein 
features and segments of interest. The sequence of PrP 27–30 (ref. 19), a protease-resistant disease-associated fragment54,55 is shown. The region of the 
prion protein approximately corresponding to PrP 27–30 (ref. 19), a protease-resistant scrapie prion fragment, is shown as a solid gray bar. Fragments 
approximately 7- to 8-kDa in size observed in people with GSS and CAA54,55 are indicated by a translucent gray bar. A purple bar and numbers indicate 
the rPrP 94–178 fragment, and, within it, the segment that forms rPrPRes is shown in rainbow, starting with residue 106 (blue) and ending with residue 145 
(red). The disulfide bond between residues 179 and 214 in the native protein and the two possible N-linked glycosylation sites at residues 181 and 197 are 
noted. b, Surface representation of the fibril model indicating its full 1,260-Å pitch with regions of interest colored in dark gray and labeled 1 and 2. c, A 
cross-section of the fibril with a stick representation of the model built into density is shown with termini, and select residues are labeled. d, A space-filled 
and cartoon model of ten chains in a rPrPRes filament. The trajectory of a single rainbow-colored strand (i) and the four (gray) chains it directly contacts are 
shown. The two orthogonal views correspond to regions 1 and 2 of the fibril shown in b.
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Secondary structure in rPrPRes fibrils differs from that in PrPC; 
segments that in the globular structure of PrPc form loops or helices, 
make four beta strands linked by turns in rPrPRes (Fig. 2a). Strands in 
each rPrPRes protofilament stack parallel, in-register, spaced 4.8 Å apart 
(Extended Data Fig. 5). The overall structure of rPrPRes is reminiscent 
of, but distinct from, predicted models of truncated PrP fibrils32,42, and 
segments of rPrPRes coincide with atomic structures of prion hexapep-
tides to varying degrees. Some hexapeptide structures (Table 2) are 
predictive of local secondary structure in rPrPRes and mimic confor-
mations suited for close amyloid-like packing in the context of the 
fibril (Extended Data Fig. 6 and Supplementary Table 1).

Stabilizing features of rPrPRes fibrils. The rPrPRes fibril is a com-
pact, low-energy structure with canonical amyloid features (Fig. 3). 

Each chain in rPrPRes forms a beta arch whose ordered core starts 
at K106 and ends with Y145 in the human PrP sequence. Within a 
protofilament, the amino- and carboxy-terminal halves of each beta 
arch meet at a tight, dry interface, one of two unique interfaces in 
rPrPRes (Fig. 3).

The two protofilaments meet at the second tight interface, with 
backbone atoms separated by a mere 3.5 Å at closest atomic contact 
(Fig. 3 and Extended Data Fig. 5). Each layer of rPrPRes buries 44 
apolar residues across two unique interfaces (Fig. 3). The interface 
between protofilaments is large; each molecule contributes 10 side 
chains to the interface and buries 460 Å2. The core of each proto-
filament buries an additional 848 Å2 per chain and is sealed from 
solvent by a pair of polar residues: H111 and D144 (Fig. 3 and 
Extended Data Figs. 5 and 7). Each rPrPRes protofilament is also sta-
bilized by a network of backbone hydrogen bonds that link strands 
along the growing axis of the fibril (Extended Data Fig. 7).

Compatibility of rPrPRes with human sequence variants and pat-
terns of disease progression. The proteopathic relevance of rPrPRes 
is supported by its apparent incompatibility with sequence variants 
that may alter both PrPSc structure and the course of prion disease. 
A familial mutant (A117V)43 produces a protease-sensitive form of 
rPrPSc that appears to induce clashes at the protofilament interface 
in rPrPRes (Fig. 4). Likewise, a natural variant (G114V)44 associ-
ated with early onset but atypically long disease duration is poorly 
accommodated by the quaternary structure of rPrPRes (Fig. 4).  
In contrast, a valine associated with the protective heterozygous 

Table 1 | Cryo-EM data collection, refinement and validation 
statistics

rPrPRes (EMD-20900, PDB 6UUR)

Data collection
Magnification ×130,000
Voltage (kV) 300
Electron exposure (e−/Å2) 36
Defocus range (μm) 1.1–5.1
Pixel size (Å)a 1.07
Symmetry imposed C1 (21 screw)
Helical rise (Å) 2.4
Helical twist (°) 179.3
Initial particles images (no.) 217,988
Final particle images (no.) 76,246
Map Resolution (Å) 3.54 (3.19)
!FSC threshold 0.5 (0.143)
Map resolution range (Å) 200–3.54
Refinement
Model resolution (Å) 3.60 (3.19)
!FSC threshold 0.5 (0.143)
Model resolution range (Å) 200–3.60
Map sharpening B factor (Å2) −139.98
Model composition
Nonhydrogen atoms 2,770 (10 chains)
Protein residues 400 (10 chains)
B factors (Å2)
Protein 23.7
R.m.s. deviations
Bond lengths (Å) 0.004
Bond angles (°) 0.752
Validation
MolProbity score 1.81
Clashscore 8.15
Poor rotamers (%) 0.00
Ramachandran plot
Favored (%) 94.74
Allowed (%) 5.26

Disallowed (%) 0.00
a0.535 Å for super-resolution mode
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Fig. 2 | Secondary structure of rPrPRes in contrast to that of PrPC and 
topology of the rPrPRes protofilament. a, Sequence and secondary structure 
alignment of residues 94–178 of natively folded human PrPC and an amyloid 
conformation of rPrP94–178 observed here (rPrPRes). Dotted lines represent 
residues included in the construct but not built into the model. A single 
nonnative methionine was added as a start codon for rPrP 94–178.  
b, Spatial arrangement of three stacked beta strands shown in a, making  
up one-half of the filament. c, A side view of the same side of the  
filament highlighting the flat nature of the structure, which only spans  
3.6"Å from the highest to lowest backbone position along the fiber axis  
in a single chain.
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condition (M/V129)45 is not structurally precluded when modeled 
in place of methionine at position 129. However, V129 creates a 
small void within the core of each protofibril (Fig. 4). Thus, rPrPRes 
leaves ambiguity in the origin of resistance to certain types of prion 
diseases conferred by 129 heterozygosity. The notion that sequence 
variants G114V, A117V and M129V might engender polymorphs 
with similar core geometry to rPrPRes is supported by the adoption 
of energetically favorable folds by rPrPRes models containing these 
mutations after minimal backbone rearrangement and side-chain 
repacking (Extended Data Fig. 8 and Supplementary Table 2). This 
raises the possibility that disease-relevant PrP sequence variants 
may represent closely related but distinct polymorphs, as observed 
for other amyloid assemblies46,47.

A natural sequence variant of PrP (G127V)48 completely prevents 
prion disease and is expected to induce clashes between protein lay-
ers in the structure of rPrPRes (Fig. 4). This is in agreement with 
observations indicating this sequence variant hinders the forma-
tion of stable PrP fibrils by destabilizing beta sheets and disrupting 
hydrogen bonding49,50. Unlike models based on rPrPRes that contain 
variants G114V, A117V and M129V, those that contain G127V 
predict folds that are less energetically favorable than wild-type 
rPrPRes despite backbone rearrangement and side-chain repacking 
(Extended Data Fig. 8d and Supplementary Table 2). These models 
offer a potential structural explanation for why mouse prion fibrils 
of the G127V variant require higher monomer concentrations to 
achieve nucleation and a lengthened lag phase of fibril growth51.

Compatibility of rPrPRes with mammalian PrP sequences and 
species barriers. Insights into cross-seeding of PrP fibrils between 
mammals can be inferred from an analysis of sequence variability 
in PrP 106–145 (Extended Data Fig. 6). Only 7 of the 40 residues in 
the structure display any sequence variability across closely related 
mammals, and in most cases, physical properties are conserved. All 
seven varying residues (108, 109, 112, 138, 139, 143 and 145) are con-
fined to the same region of the structure near the H111–D144 bridge. 
The positioning of these residues in rPrPRes agrees with conclusions 
about cross-species conversion drawn from nuclear magnetic reso-
nance (NMR) experiments on a similar fragment with known infec-
tivity32. In those studies, a methionine variant of human residue I139 
acts as a switch, changing the conformation of PrPSc from one resem-
bling a human prion structure to one resembling that of a hamster. In 
rPrPRes, this residue faces the protofilament core, and its methionine 
variant is disfavored (Extended Data Fig. 6). In contrast, a second 
methionine variant at I138, which is solvent-facing in rPrPRes, does 
not alter the overall fibril fold of PrPSc (ref. 32). Likewise, an M112V 
variant, found in mice, would create an interface vacancy that could 
disfavor, if not prevent, the formation of the rPrPRes polymorph.

Discussion
The structural characterization of rPrPRes presents a framework 
for evaluation and comparison of properties associated with pro-
tease-resistant prion assemblies. The major fibril polymorph of 
rPrPRes forms a parallel, in-register structure with low solvation free 
energy, set apart from most other amyloid fibril structures (Fig. 3 
and Supplementary Table 3), which is consistent with its resistance 
to denaturants, protease digestion and detergents (Extended Data 
Figs. 1 and 2). Assignment of residues within the core of rPrPRes 
reveals a large number of apolar side chains, tightly packed to facili-
tate formation of its two beta arch protofilaments. The tight geom-
etry of rPrPRes allows for an evaluation of the potential impact of 
prion sequence variants on its overall fold. Collectively, these vari-
ants reflect the constraints on sequence variation imposed by the 
close packing of residues in rPrPRes, in line with their impacts on the 
structure and function of PrPSc.

While rPrPRes offers atomic insight into its structural accessibility 
to a variety of PrP sequence variants and homologs, this single poly-
morph represents only a small portion of the total structural space 
available to PrP, as evidenced by the diverse range of prion assem-
blies reported in the literature6–11,22,25,34. The high degree of variation 
in prion strain properties, including growth kinetics, size distribu-
tion, proteinase K resistance, post-translational modification, co-
factor binding, tissue distribution, infectivity and mortality, may 
be reflective of structural differences among strains52. Structural 
heterogeneity in fibrils isolated from prion strains contributes to 
the challenges facing an atomic definition of PrPSc. Uncovering the 
atomic structures of both recombinant and tissue-isolated prion 
assemblies may therefore yield clues to strain specific features.

Since in  vitro-generated prions can, under certain conditions, 
offer greater control over fibril polymorph distributions, they may 
more readily yield structural insights into prion assemblies25,31,42. 
However, the apparent structural differences between tissue-
isolated infectious prion assemblies and those generated in  vitro 
highlight the need for structural comparisons at the atomic scale 
between rPrPRes and yet-to-be-determined structures of other prion 
polymorphs. For example, reconstructions of prion fibrils from 
various sources show a variety of structural repeats, ranging from 
~ 19 Å (ref. 22) to 60 Å (ref. 53) that are not recapitulated by rPrPRes. 
However, other molecular features of rPrPRes are shared with amy-
loid-like fibrils formed by truncated Y145Stop prions that can 
transmit prion disease in mice and model a heritable, disease-caus-
ing human variant42. Like these disease-causing fibrils, the struc-
ture of rPrPRes demonstrates that a protease-resistant human prion  
fibril polymorph can exhibit canonical amyloid features: parallel,  

Table 2 | X-ray data collection and refinement statistics
113AGAAAA118 (PDB 
6PQ5)

119GAVVGG124 (PDB 
6PQA)

Data collectiona

 Space group P21 P21

 Cell dimensions
 a, b, c (Å) 18.5, 9.5, 17.6 4.78, 12.8, 20.8
 α, β, γ (°) 90.0, 120.5, 90.0 90, 90, 90
 Resolution (Å) 1.5 (1.55–1.50)b 1.45 (1.50–1.45)
 Rmerge 0.18 (0.50) 0.15 (0.31)
 I/σ(I) 5.42 (1.59) 7.21 (1.92)
 Completeness (%) 91.5 (64.9) 93.6 (93.2)
 Redundancy 3.4 (2.4) 5.4 (2.8)
Refinement
 Resolution (Å) 1.5 1.45
 No. reflections 2,830 2,451
 Rwork / Rfree 0.237 / 0.271 0.187 / 0.238
 No. atoms
 Protein 60 32
 Ligand (malonate) 14 (malonate) 0
 Water 0 3
 B factors
 Protein 14.4 5.0
 Ligand (malonate) 28.8 0
 Water 0 31.5
 R.m.s. deviations
 Bond lengths (Å) 0.006 0.007

 Bond angles (°) 1.1 1.1
aData are from one crystal. bValues in parentheses are for highest-resolution shell.
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in-register strands spaced 4.8 Å apart, held together by the dry 
interfaces of a tightly packed core.

The relevance of rPrPRes in the context of other prion assemblies 
is underscored by the similarity of its protease-resistant regions54 
and fibril dimensions to those found in patient-isolated samples55 
and synthetic, infectious prions32. For example, people with PrP 
cerebral amyloid angiopathy (CAA)54 show a truncation of the 
prion protein at residue 145, whose soluble fragment forms 8–10 nm 
fibrils54. The dimensions of these fibrils are similar in width to those 
of rPrPRes (Fig. 1a and Extended Data Fig. 3). PrP fragments in CAA 
have been shown to include residues 90 to 145; most of which are 
clearly resolved in rPrPRes fibrils54 (Fig. 1a). Mutations that drive 
prion disease can also result in the formation of fibrils with simi-
lar residues at their core. For example, patients with GSS-inducing 
mutations accumulate short, ~7- to 8-kDa fragments that start near 
residue 90 of human PrP55—akin to the segment that forms rPrPRes 
(ref. 55). Overall, the structure of rPrPRes is consistent with core resi-
dues, fragment size, filament dimensions, protease resistance and 
denaturant resistance of disease-associated prions54,55. Nonetheless, 
alternative atomic arrangements at the core of prion assemblies may 
share features with rPrPRes but ultimately vary in disease-relevant 
features, such as number of ordered residues, post-translational 
modifications56 or interaction with co-factors57.

Like the discovery of the prion58, the unveiling of near-atomic 
structures of prion fibrils, including rPrPRes, opens new opportuni-
ties to unravel the mysteries of protein-based infection. With it, we 
look forward to the structures of prion strains that will collectively 
provide a blueprint for atomically defined proteinaceous infectious 
agents.
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Methods
Recombinant expression, puri!cation and characterization of rPrP 94–178. 
A gene encoding human PrP 94–178 (IDT) with an additional anteceding 
methionine start codon was cloned by Gibson Assembly into a derivative of 
a pET28 vector lacking puri!cation or solubility tags and veri!ed via DNA 
sequencing (Genewiz). Recombinant human PrP 94–178 (rPrP 94–178) was 
expressed in Escherichia coli BL21 GOLD cells (Agilent). Brie"y, cells were grown 
at 37 oC shaking at 180–230 r.p.m. until optical density at 600 nm (OD600) reached 
approximately 0.6. Protein overexpression was induced by addition of 1 mM IPTG, 
followed by 4–6 h of growth under the same conditions. Cells were then harvested 
and stored at −80 oC until protein puri!cation.

rPrP 94–178 was purified using previously described protocols as a guide25. 
Specifically, cell pellets were resuspended in 25 mM Tris-HCl pH 8 and 5 mM 
EDTA (Buffer A) with 100× HALT protease inhibitor cocktail and lysed using 
an EmulsiFlex-C3 High Pressure Homogenizer (Avestin). Lysed cells were 
centrifuged at 30,000g for 1 h, and the supernatant was removed. The pellet was 
resuspended in an equal volume of Buffer A, vortexed to resuspend the pellet, and 
centrifuged again at the same speed and duration to remove any remaining soluble 
material. The supernatant was discarded and replaced with half the volume of 8 
M Guanidine-HCl, 25 mM Tris-HCl pH 8 and 100 mM DTT (Buffer B), vortexed 
to resuspend, and centrifuged at 14,000g for 20 min. The supernatant containing 
any previously insoluble proteins was filtered using a 0.45-μm filter. One- or 
2-mL injections were loaded into an NGC chromatography system (Biorad) and 
eluted through an ENrich SEC 650 10 × 300 column (Biorad) equilibriated in 6 M 
Guanidine-HCl, 12.5 mM Tris-HCl pH 8, 5 mM DTT and 1 mM EDTA (Buffer C). 
Under these conditions, rPrP 94–178 eluted in both monomeric and multimeric 
forms; monomeric species eluted as a major peak (Extended Data Fig. 1). Fractions 
containing monomeric rPrP 94–178 were pooled and buffer exchanged into 8 M 
urea using a Duoflow chromatography system (Biorad) and a HiTrap Desalting 
column (GE Healthcare). Protein was concentrated to 1.6–2.4 mg mL–1 and flash 
frozen for storage at −80 oC until fibril formation.

Mass spectrometry of rPrP 94–178. Purified rPrP 94–178 in 8 M urea was diluted 
to 20 μM in 50% methanol and 0.1% formic acid. Mass spectrometry was carried 
out using a Q-Exactive Plus Hybrid Quadruple-Orbitrap Mass Spectrometer 
(Thermo). The most abundant peaks correspond to ions of rPrP 94–178 with an 
extracted exact mass of 9665.49 Da, within approximately 1 p.p.m. of the expected 
exact mass of 9,665.48 Da (Extended Data Fig. 1).

Growth of rPrP 94–178 fibrils. Aliquots of monomeric rPrP 94–178 were diluted 
to 0.8–1.2 mg mL–1 in 1–4 M urea and 50 mM Sodium Citrate pH 4 (growth 
buffer) and added to a 96-well plate. Samples were agitated for 1–3 d by acoustic 
resonance mixing59,60 at 37 oC using a custom-built 96-well plate shaker set to 38 Hz. 
No change in fibril morphology was observed as a function of incubation time. 
However, each fibril preparation was highly polymorphic, and preparations varied 
in polymorph yield and distribution. Once fibrils formed, they appeared stable 
for months with no perceivable dissolution or evolution by negative stain electron 
microscopy. Fibril suspensions were collected and centrifuged at 16,160g for 5–7 
min to pellet aggregated material and washed with water twice before resuspending 
in a volume of water that allowed ideal concentration for cryo-EM.

Crystallization, data collection and structure determination of PrP 113–118 
and PrP 119–124. Both segments were purchased at a purity of 99% from CS BIO. 
Screening for crystallization conditions was achieved by the hanging drop method 
using ‘Crystal Screen’ and ‘Index Screen’ from Hampton Research. Idealized crystal 
growth conditions were then optimized. Crystals of PrP 113–118 were grown from 
1.92 M sodium malonate pH 4.0 at a concentration of 35 mg mL–1. Crystals of 
PrP 119–124 were grown from a condition of 2.4 M sodium malonate pH 7.0 at a 
concentration of 10 mg mL–1.

Diffraction data were collected at the microdiffraction beamline ID13 at the 
European Synchrotron Radiation Facility (ESRF), where crystals were mounted 
directly onto the ends of pulled glass capillaries. Because of the tight packing 
between segments in the crystals, cryoprotectant was unnecessary. Crystals were 
cooled to −180 °C during data collection. In both cases, data were collected using 
5º wedges.

In most cases, diffraction data represented patterns from epitaxially twinned 
crystals that could not be separated during mounting. Despite the multiple diffraction 
patterns found on each frame, the program XDS61, which uses an automated 
algorithm for picking spots from multiple frames, was successfully used to index the 
images. The program SCALEPACK62 was used for scaling, merging and reducing data 
from multiple crystals. The programs ‘xds2mos’ written by Richard Kahn (Grenoble; 
http://www.ccp4.ac.uk/newsletters/newsletter40.pdf), and the utility ROTGEN, 
distributed with the software package MOSFLM63, were used to convert the crystal 
orientation and cell parameters from XDS into DENZO format. Re-indexing using 
the XDS parameters and subsequent data reduction was performed in DENZO and 
SCALEPACK from the HKL suite62. The merged and scaled data were imported into 
the CCP4 format with programs from the CCP4 program suite.

Structures were phased by molecular replacement using the program 
PHASER64 with an idealized poly-alanine beta strand as a probe. The program 

Coot65 was used for model building, and refinement was carried out using 
REFMAC66. Data collection and refinement statistics can be found in Table 2 and 
structures shown in Extended Data Fig. 6.

Negative stain electron microscopy of rPrP 94–178 fibrils. Imaging of fibrils 
embedded in stain was performed by applying 3 μL of washed sample to glow-
discharged formvar/carbon 200 mesh copper grids (Ted Pella) and incubated at 
room temperature for 2 min, followed by the addition of 3 μL of 2% uranyl acetate 
and additional 2-min incubation before liquid was wicked away and the grid was 
left to dry for 2–3 min. Images were recorded on a Tecnai 12 electron microscope 
(Extended Data Fig. 1) (FEI).

Partial protease digestion and nephelometry monitoring of rPrP 94–178 fibrils. 
Fibrils in growth buffer were incubated with a 1:10 molar ratio of freshly dissolved 
proteinase K (GoldBio) to rPrP 94–178 monomer for 24 h at room temperature 
without agitation67. After the incubation period, any remaining insoluble material 
was pelleted by centrifugation at 16,160g for 5–7 min and the supernatant was 
removed. The pellet was resuspended in water (for negative-stain imaging) or 2% 
SDS (for cryo-EM).

For a measure of insoluble character in response to proteinase K treatment, 
dissolution experiments were monitored by nephelometry (Extended Data Fig. 
2). A slurry of 100 μL of rPrP 94–178 fibrils in growth buffer with the addition of 
1:10 molar ratio of proteinase K: rPrP 94–178 monomer (10 μM ProK: 100 μM 
rPrP 94–178 monomer), growth buffer with the same amount of proteinase K, 
growth buffer only or water were added to a sealed 96-well plate and loaded into 
a NEPHELOstar Plus (BMG Labtech). Readings in nephelometry units (NTUs) 
were recorded at 37 oC for 0.1 s every 10 min for 24 h with a 2.5-mm beam at 12% 
intensity. Before each reading, the plate was shaken at 300 r.p.m. for 20 s.

Preparation of frozen-hydrated rPrP 94–178 fibrils for high-resolution 
imaging. Following treatment of fibrils with proteinase K, insoluble material was 
resuspended in a solution one-fifth the original volume and containing 2% wt/vol 
SDS and sonicated in an ultrasonic bath (Fisher Scientific) for 10 min. Sonication 
for up to 20 min showed no observable effect on individual fibril morphology or 
size. However, sonication for intervals greater than or equal to 3 min modestly 
reduced fibril clumping; 1.8 μL of proteinase K-treated rPrP 94–178 fibrils in 2% 
SDS were applied to each side of glow-discharged holey carbon grids (Quantifoil, 
R1.2/1.3 200 mesh Cu, Electron Microscopy Sciences) after 10 min of bath 
sonication (Extended Data Fig. 1). Blotting and plunge freezing into liquid ethane 
was performed on a FEI Vitrobot Mark IV using a blot force of 1 and a blot time of 
7 s with no wait or drain time.

High-resolution imaging of frozen-hydrated rPrP 94–178 fibrils. High-
resolution images were collected on a Titan Krios microscope (FEI) with an 
accelerating voltage of 300 kV and ×130,000 magnification using a Gatan K2 
Summit direct electron detector attached to a Gatan image filter (GIF) in super-
resolution counting mode with a GIF slit of 20 eV. We collected 30 movie frames of 
200 ms each for a total exposure time of 6 s and a total accumulated dose of 36 e− 
per Å2 at a calibrated pixel size of 1.07 Å (0.535 Å for super-resolution). Automated 
data collection was carried out using the Leginon software package68 with a target 
defocus value of −2.0 μm, to record a total of 4,341 micrographs.

Pre-processing of rPrP 94–178 fibril cryo-EM images. Patchwise motion 
correction using 5 × 5 patches per micrograph, and frame alignment were carried 
out using MotionCorr2 (ref. 69,70) integrated in RELION 3.0 (ref. 71). The resulting 
dose-weighted micrographs were used to determine defocus values for each image 
using Gctf72. Micrographs that (1) did not have fibrils in the field of view, (2) had 
clumps of fibrils with too much overlap to select even small segments, (3) were 
too far from focus or (4) had ice that would limit extraction of high-resolution 
information were not processed further. Particles were manually picked as helical 
segments using RELION 3.0 from 2,542 out of 4,341 micrographs.

Two-dimensional classification of rPrP 94–178 fibril cryo-EM images. All 
analysis was carried out with extracted particles that were down-sampled by a 
factor of two, such that the pixel size during 2D classification through the reported 
map was 1.07 Å. There were 217,988 segments that were initially ctf (contrast 
transfer function) phase-flipped and extracted using a box size of 267.5 Å (250 
pixels) and an interbox distance of 28.8 Å or 10.8% of the box size. In RELION, 
this interbox distance was achieved by specifying 6 asymmetric units where each 
asymmetric unit was 4.8 Å. Several rounds of 2D classification using a 250-pixel, or 
a larger 400-pixel, box were carried out to remove particles in less defined classes 
(Extended Data Fig. 3). The larger box size allowed for more of the helical twist to 
be visible within a single box, which helped prevent misalignment based on only 
the 4.8 Å feature. After all rounds of 2D classification, 113,320 particles with a  
400-pixel box were used for 3D classification.

Fibril crossover distance was estimated by stitching together 2D classes with 
a box size of 400 pixels (428 Å) where there was noticeable overlap between class 
averages. A box size nearly the length of the estimated crossover distance (1,000 
0.535-Å pixels rescaled to 250 pixels, or 535 Å) was used to extract and classify 
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the same particles, where agreement in morphology and the estimated crossover 
distance was achieved between both methods (Extended Data Fig. 3).

The images also contained filaments belonging to minor populations that did 
not have an apparent regular helical twist (Extended Data Fig. 4). These filaments 
were manually picked, extracted and classified separately using a 1,000-pixel box 
rescaled to 250 pixels (535 Å) and a 475-Å mask to accommodate thicker filament 
morphologies. There were 75,860 extracted segments tgat fell into 2D classes of 
visibly defined morphology (Extended Data Fig. 4c), of which 6,007 segments had 
a thick ribbon appearance. The remaining narrower particles underwent additional 
2D classification using a smaller box size of 500 pixels rescaled to 250 pixels 
(267.5 Å). Poorly defined particles were removed, and additional rounds of 2D 
classification were carried out until the resolution in the best-defined classes ceased 
to improve. This resulted in 47,479 particles falling into the best classes assessed by 
a combination of RELION’s estimated resolution and visual assessment (Extended 
Data Fig. 4d)71. These classes were not deemed sufficient for 3D structure 
determination as part of this work.

3D helical reconstruction of rPrP 94–178 fibrils. A Gaussian ellipsoid 
was generated as an initial reference model for 3D classification of the main 
morphology using 3 classes and a helical z value set to 30% of the box size. An 
initial estimate of the helical rise observed in 2D classes of 4.8 Å was used and 
helical symmetry in C1 was enforced. An initial estimate of the helical twist was 
calculated from the estimated crossover distance of –630 Å. All 3 classes were of 
identical ultrastructure, but only 76,246 particles in the highest-resolution class 
were moved forward for optimization of the twist and rise during a subsequent 3D 
classification run. The twist and rise were each refined individually, starting with 
the twist, then together until convergence. A staggering of strands at the interface 
between two identical protofilaments was observed, and C1 symmetry with a 21 
screw was enforced. Final values of 2.4 Å helical rise and 179.3o helical twist for a 
left-handed filament were used for subsequent 3D auto-refinement where two half-
maps were independently refined.

To prevent a bimodal tilt distribution during 3D classification and auto-
refinement (maxima near 75o and 105o), rather than the expected mono-modal 
tilt distribution about 90o for filaments preserved in a thin layer of vitreous ice73, a 
Gaussian ellipsoid was used as a reference in the first round of 3D auto-refinement. 
The flags –helical_keep_tilt_prior_fixed, –limit_tilt 70, and sigma tilt and psi 
values of 1 were used with a starting healpix order of 5—or 0.9375 degrees. A 
subsequent round of 3D auto-refinement was carried out using the previous auto-
refinement reconstruction filtered to 7 Å as a reference. The orientations of the 
particles from the previous run were also used as the starting point for particle 
orientations. This 3D auto-refinement was carried out without the flag –limit_tilt 
but still kept the helical tilt prior fixed at 90o and started with an angular sampling 
using healpix order 5. After a few iterations, the sigma tilt and psi were expanded 
to 3, and a smooth distribution about 90o was achieved with only very few particles 
with tilt angles past 75o or 105o. It is worth noting that reconstruction from 
particles with tilts distributed bimodally resulted in a reconstruction that appeared 
similar in cross-section but had substantial differences in the perceived staggering 
of beta strands within each protofilament.

After final 3D auto-refinement, helical symmetry in real space was imposed 
using the central 10% of the box to ensure uniform resolution throughout the 
length of the fiber. Masking and post-processing were carried out in RELION 3.0, 
and sharpening was performed in PHENIX using phenix.auto_sharpen to 3.4 Å 
and a B factor of −139.98. Overall resolution estimates were calculated on the basis 
of the Fourier shell correlation (FSC) coefficient of both 0.143 and 0.5 between the 
independently refinedhalf-maps (Extended Data Fig. 5)71.

Helical rise multiples of 4.8 Å up to 4 repeats (19.2 Å) and their corresponding 
helical twist values for C1 symmetry were also used to test for repeating structures 
encompassing multiple rungs, but no repeating patterns were detected.

Model building and refinement for rPrP 94–178 fibrils. A cross-section of the 
map normal to the fibril axis was used for initial sequence assignment, where large 
side chains and the tight protofilament interface were used as guides for building 
the initial model in Coot65. Using that initial model, five chains per protofilament, 
for a total of ten identical chains, were generated and placed in a central region 
of the cryo-EM density map. Manual refinement was performed in Coot, where 
changes were made to a single chain and propagated to all ten chains to ensure 
model compatibility with neighboring chains. Iterations of manual adjustments 
in Coot and refinement in PHENIX were employed to arrive at a final model that 
optimally balanced geometric constraints, Ramachandran angles, map fit and 
clashes. In PHENIX74, all ten chains were also refined identically as in Coot.

The density for residue 126 left an ambiguity in the map where a choice to 
build the backbone up the fiber axis or down the fiber axis would have to be 
made. In order to address this ambiguity, we built and refined both models against 
the map and found the chosen direction to be substantially more favorable for 
Ramachandran angles, clashes and fit to the density.

Model building and refinement were carried out independently on maps with 
either right-handed75 or left-handed beta sheet twists to validate the assignment 
of handedness. Each model was subjected to identical refinement procedures and 
resulted in very different profiles for Ramachandran angles with the left-handed 

reconstruction being substantially more favorable. All further analysis was carried 
out using the left-handed model.

Analysis of buried surface area (Sa) in rPrPRes interfaces. Sa was computed as an 
average of the buried surface area per chain in a 20-chain assembly representing 
the fibril using PyMol76. It was calculated as the difference between the sum of the 
solvent accessible surface area of the two sheets and the solvent accessible surface 
area of the entire complex, divided by the total number of strands in both sheets.

Comparison of rPrP 94–178 paired helical filament structure to prion 
hexapeptide zipper structures. Model building for rPrP 94–178 was performed 
without previous knowledge or consideration for the described peptide crystal 
structures. Sequence alignment and structural superpositions of both an individual 
chain and the crystalline arrangement of six-residue prion peptide structures were 
performed in PyMOL76 (Extended Data Fig. 6). This alignment produced an all-
atom root-mean-square deviation (RMSD) between a single chain in the peptide 
crystal structures and the corresponding residues in the fibril structure, which 
we used to assess similarity between the structures (Supplementary Table 1). For 
peptide structures with alternate conformations, the conformation for comparison 
was chosen by pdbcur (CCP4) based on the highest occupancy.

Threading of sequences onto rPrPRes and their energetic evaluation using 
PyRosetta. PyRosetta77 was used to evaluate the fit of a specific sequence onto the 
backbone built into density for the structure of rPrPRes for a series of 40-residue 
sequences. To prepare a structure for threading, an ensemble representing 20 
chains of the structure of rPrPRes (10 chains per protofilament) was fast-relaxed 
in PyRosetta while keeping the 3 chains at the top and bottom of the assembly 
fixed. The resulting model yielded an energetically favorable overall score 
(Supplementary Table 1) reported in Rosetta energy units (REU).

To assess the impact of sequence variants on the energetic favorability of the 
rPrPRes polymorph, each relevant site was independently mutated and followed 
by side chain repacking without backbone movement. A second trial was 
performed by first using a fast-relax protocol in PyRosetta (Extended Data Fig. 8 
and Supplementary Table 1) and followed by side chain repacking. This allowed 
the assessment of both the compatibility of mutations with our density-informed 
model and which small movements may still lead to a favorable structure. The 
energy of the resulting models was evaluated as the average of six independent 
trials (Supplementary Table 1, repack only) or three independent trials 
(Supplementary Table 1, fast-relax followed by repacking). This procedure did 
not enforce the symmetry present in rPrPRes but was restricted to small backbone 
movements. It was further constrained by allowing the fast-relax movements to 
only the middle strands of the fibril model. These restrictions were put in place 
to reduce the influence fibril ends might have on the overall structure. RMSD 
calculations were performed in PyMol over ten chains to obtain an average RMSD 
over the whole assembly generated by PyRosetta. Comparisons were made between 
fast-relaxed wild-type and mutant sequences and the density-informed model 
before fast relaxing (Supplementary Table 1).

Calculation of solvation free energy for rPrPRes. Our calculation of free energy 
is an adaptation of the solvation free energy described previously78,79, in which the 
energy is calculated as the sum of products of the area buried of each atom and its 
corresponding atomic solvation parameter (ASP). ASPs were taken from previous 
work79. Area buried was calculated as the difference in solvent accessible surface 
area (SASA) of the reference state (that is unfolded state) and the folded state. The 
SASA of residue i of the unfolded state was approximated as the SASA of residue i 
in the folded structure after removing all other atoms except the main chain atoms 
of residues i − 1 and i + 1.

The SASA of the folded state was measured for each atom in the context of 
all amyloid fibril atoms. Fibril coordinates were symmetrically extended by three 
to five chains on either side of the molecule to ensure the energetic calculations 
were representative of the majority of molecules in a fibril, rather than a fibril end. 
To account for energetic stabilization of main chain hydrogen bonds, the ASP for 
backbone N/O elements was reassigned from –9 to 0 cal per mol per Å2 if they 
participated in a hydrogen bond. Similarly, if an asparagine or glutamine side chain 
participated in a polar ladder (two hydrogen bonds per amide) and was shielded 
from solvent (SASAfolded < 5 Å2), the ASPs of the side chain N and O elements were 
reassigned from –9 to 0. Lastly, the ASP of ionizable atoms (for example Asp, Glu, Lys, 
His, Arg, N-terminal amine or C-terminal carboxylate) were assigned the charged 
value (−37 or −38) unless the atoms participated in a buried ion pair, defined as 
a pair of complementary ionizable atoms within 4.5 Å distance of each other, each 
with SASAfolded < 50 Å2. In that case, the ASP of the ion pair was reassigned to −9 
× (distance – 2.8 Å) / 2.8 Å2. Side-chain conformational entropy terms adapted from 
Koehl and Delarue80 were added to the energy values obtained above80. The entropy 
terms were scaled by the percentage of side-chain surface area buried in the assembly. 
Based on these calculations, the average ΔG0 per residue for rPrPRes is −0.74 kcal 
mol–1, indicating an overall favorable energy for assembly (Fig. 3).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
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Data availability
EM maps and atomic coordinates for rPrP 106–145 have been deposited in 
the EMDB and wwPDB as EMD-20900 and PDB 6UUR, respectively; atomic 
coordinates and structure factors have been deposited in the wwPDB for PrP 
113–118 (PDB 6PQ5) and PrP119–124 (PDB 6PQA).
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Extended Data Fig. 1 | Production, isolation and characterization of rPrP94–178 fibrils. a, Purification of untagged human PrP94–178. Samples collected during 
size exclusion chromatography of PrP94–178 were run on a 4–12 % SDS-PAGE gel corresponding to labeled peaks b, Gel lanes left to right: 1. Pre-stained 
protein ladder (Thermo), 2. Post-induction fraction, 3. Solubilized material from inclusion bodies, 4. Void fraction (A) from (a), 5. Peak (B) from (a), 6. 
Peak (C) from (a) containing 9.7 kDa monomeric rPrP94–178, 7–9. Peaks D-F from (a) containing excess guanidine or other UV active small eluates. c, Mass 
spectrum showing most abundant peaks correspond to ions with an extracted molecular weight that matches rPrP94–178. d, Representative micrographs of 
a heterogeneous mix of untreated fibrils (left) in Growth Buffer; promising filaments (black arrows) and disordered, clumped, or amorphous material (blue 
arrows). Adjacent images are of filaments treated with 1:10 molar ratio proteinase K:rPrP94–178 monomer and bath sonicated for 10 minutes. Proteinase 
K-treated and sonicated filaments exchanged into water in a frozen-hydrated state (third column, top) or 2 % SDS (third column, bottom). Representative 
image of Proteinase K, sonication, and SDS treated filaments used for high-resolution imaging and reconstruction (right). Scale bars, 200 nm. Scale bar for 
high-resolution image (right) 50 nm.
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Extended Data Fig. 2 | Partial protease digestion of rPrP94–178 fibrils. a, Plots of incubation time versus nephelometry units as a measure of insoluble 
character in fibril suspensions treated with proteinase K compared to proteinase K only and buffer controls. b, Representative electron micrographs of each 
sample in panel (a) before proteinase K digestion at the start of the incubation period. This image of fibrils is the same as that shown in Extended Data Fig. 
1d. c, Representative micrographs of each sample in Panel (a) after the 24-hour incubation period. All scale bars are 200 nm.
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Extended Data Fig. 3 | Classification of major species of protease-resistant rPrP94–178 fibrils. a, Final 2D class averages from the major species comprising 
71 % of defined segments using a 535 Å box with a 530 Å mask (left) or 428 Å (400 pixel) box with a 400 Å mask (right). b, A composite image (left) 
formed by stitching of 2D class averages with the small box shown in (a), agrees with a composite image (right) formed by class averages obtained using a 
box size encompassing a full crossover distance in (a). The crossover distance and full pitch are both marked. c, Comparison between a 2D class (enlarged 
view of boxed class in (a)), the map backprojection, and model backprojection with accompanying Fourier transforms below. d, Slice through the 3D 
density with dimensions of the ordered region and surrounding diffuse density noted.
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Extended Data Fig. 4 | 2D classification of minor morphological populations formed by rPrP94–178. a, Stain-embedded, Proteinase K and sonication treated 
fibrils show several minor populations of ribbon-like polymorphs (white arrows), including wide filaments with regions that abruptly stop (red arrows). 
These morphologies remain a minor species after vitrification in 2 % SDS alongside the major twisted species (single example black arrow) (b) A 2D 
classification round selecting for minor species results in 2D classes that make up 29 % (75,860 segments) of total particles sorted into defined classes 
(c) with 2.1% of the total segments across major and minor populations (~6000 particles) being sorted into classes that resemble thick ribbons with 
columns of alternating electron dense and poor material (stars). Additional 2D classification of segments that did not sort into thick ribbon classes (d) 
revealed several classes containing high-resolution information, in some classes even revealing 4.8 Å strand separation. The 16 best looking classes are 
shown and make up 62 % (47,479 segments) of the particles shown in (c). 3D reconstruction of these filaments was unsuccessful. A magnified view of 
select classes from (c) and (d) show the range of fibril widths observed (e) Scalebar in (a) 200 nm, in (b) 50 nm.
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Extended Data Fig. 5 | Agreement of rPrP106–145 model with core density in rPrPRes. a, Fourier Shell Correlation (FSC) between half-maps (blue) and the 
map and model (green) with resolutions at FSC = 0.5 (black dotted line) and 0.143 (gray dotted line) noted. b, Agreement of turn region with density 
looking down the fibril axis and (c) a side view of the same region shows clear strand separation. d, Overall fit of model into density. e, Magnified view of 
protofilament interface showing spacing between backbones at the center of the interface is at the most tightly spaced region between G114 of one chain 
and G119 of its mate. f, Magnified view of linchpin region with inferred salt bridge between residues H111 and D144 that seal off the interior of each chain and a 
side view (g) of the same region showing 4.8 Å separation between strands.

NATURE STRUCTURAL & MOLECULAR BIOLOGY | www.nature.com/nsmb



 98 

 

  

ARTICLES NATURE STRUCTURAL & MOLECULAR BIOLOGY

Extended Data Fig. 6 | Structural agreement of hexapeptide prion zipper structures to rPrPRes. a, ZipperDB26 profile of the segment encoding for rPrPRes. 
Bars extending below the line represent hexapeptides predicted to form steric zippers. Peptides with crystal structures aligned to the fibril model are 
boxed. Two of these were previously published27,28. Alignment of crystal structures 119GAVVGG124 (b) 113AGAAAA118 (c) 127GYMLGS132 (e) and 138IIHFGS143 
(f) with rPrPRes (d) Symmetry mates in plane, all atom, and backbone (parentheses) RMSD values against rPrPRes are shown (g) Sequence alignment for 
species of common interest to prion disease. Darker blues correlates with more variability, loosely defined as more residue mismatches among the species 
compared, and mapping of these residues onto rPrPRes h, Hexapeptide structure for muPrP137–142 (mouse numbering) is compatible with rPrPRes (i) while 
shPrP138–143 is not (j).
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Extended Data Fig. 7 | Molecular contacts at the core of rPrPRes. a, Cartoon representation of one protofilament with three stacked chains highlighting 
outer (yellow) and inner (blue) sheets. Stick representation of stacked inner (b) and outer (c) sheets with inferred hydrogen bonding networks based on 
refinement giving weight to standard beta sheet geometry, favored Ramachandran angles, and map to model fit. Residues where geometry deviated during 
refinement to break backbone hydrogen bonds are noted in blue text. d, Side view highlighting a favorable salt bridge between H111 and D144 and the same 
region rotated to show the interaction looking down the fiber axis (e).
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Extended Data Fig. 8 | Alignment of fast-relaxed mutant sequences to rPrPRes. a, Left: Alignment of eight chains of the model (gray) to the same 
number of chains of a fast-relaxed model produced in PyRosetta (green) along with magnified views with sidechains in the turn region (center) and 
the protofilament interface (right). b, Eight chains of fast relaxed G114V mutant (left) along with magnified view of the protofilament interface near the 
mutation site (red arrow). The same set of three views are also shown for A117V (c) G127V (d) and M129V (e) mutants or polymorphisms.
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Supplementary Table 1. Properties of PrP 113AGAAAA118 and 119GAVVGG124  
Steric Zipper Features 113AGAAAA118 

(PDB 6PQ5) 

119GAVVGG124 
(PDB 6PQA) 

   
Surface Complementarity of 
Interface (Sc) 

0.708 0.874 

Surface Area Buried in 
Interface (Å2) 

130 ± 2 122 ± 4 

Sheet-to-sheet Distance (Å) 5.23 ± 0.06 6.9 ± 0.9 
Steric Zipper Class Class 7 (anti-parallel) Class 4 (parallel) 

 
Supplementary Table 2. Rosetta energy and deviation from rPrPRes of repacked mutants and 
peptides. For Rosetta energy score columns, either repacking of side chains only or fast relaxing to 
allow for backbone remodeling followed by sidechain repacking. For RMSD columns, the fast relaxed 
and repacked threaded mutant sequences or raw peptide structures were compared against the 
rPrPRes structure without fast relaxing or repacking. For peptide structures with multiple sidechain 
conformations, only the highest occupancy conformation is used to calculate RMSD. 
 Rosetta Energy Score (REU) RMSD (Atoms Aligned) 

Sequence 
Aligned* 

Repack Only Fast Relax and 
Repack 

CA Main All 

Wild Type -522.9 ± 12.9 -768.1 ± 5.4 0.787 (400) 0.780 (1600) 1.415 (2770) 

G114V 10610.8 ± 38.7 -711.2 ± 0.9 0.894 (400) 0.903 (1600) 1.516 (2770) 

A117V 1776.4 ± 12.1 -699.6 ± 18.0 0.848 (400) 0.843 (1600) 1.444 (2770) 

G127V 6674.1 ± 11.5 -410.3 ± 22.2 0.866 (400) 0.864 (1600) 1.468 (2770) 

M129V -406.4 ± 14.6 -674.8 ± 8.9 0.824 (400) 0.834 (1600) 1.414 (2740) 
113AGAAAA118 - - 2.051 (6) 1.910 (24) 2.183 (29) 
119GAVVGG124 - - 0.572 (6) 0.822 (24) 0.899 (31) 
127GYMLGS132 - - 2.129 (6) 2.541 (24) 2.820 (42) 
138IIHFGS143 - - 1.189 (6) 1.813 (24) 1.938 (47) 

*The full 40 residue sequence with the specified mutation was used for threading and fast relaxing. Experimentally 
determined peptide structures were aligned directly to the model with no fast relaxing.  

 
Supplementary Table 3. Solvation energy of rPrPRes compared to a subset of other amyloid 
fibril structures. 

 
Fibril Method # of Residues 

in Calculation 
ΔGo (kcal/mol 

/chain) 
ΔGo (kcal/mol 

/residue) PDB ID 

Amyloid-β 1-42 ssNMR 26 -19.8 -0.76 2BEG 

rPrPRes cryo-EM 40 -29.6 -0.74 6UUR 

AD Tau PHF cryo-EM 73 -31.4 -0.43 5O3L 

Alpha synuclein 
(twister) 

cryo-EM 41 -12.4 -0.30 6CU8 

HET-s ssNMR 61 -18.8 -0.30 2RNM 

FUS ssNMR 60 -12.2 -0.20 5W3N 
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Cryo-EM Studies of Bank Vole and Elk Prion Fibrils 

 

Calina Glynn, Jose A. Rodriguez 

 

Abstract 

 

Prion diseases are absolutely fatal neurodegenerative diseases that arise from genetic, sporadic, 

and acquired origins. There are over a dozen prion diseases in humans and animals, each 

associated with a unique set of clinical, pathological, biophysical, and transmission related 

characteristics. Within each disease, there are also many subtypes, called strains, that present 

with slight variations to each characteristic. These strains can be transmitted from one animal to 

another of the same species through ingestion of infectious aggregates of the prion protein, or 

PrPSc. Horizontal transmission is more readily achieved for some prion diseases, such as Chronic 

Wasting Disease in cervids, than others for reasons that remain a mystery. Prion disease 

transmission between members of different species is hampered by what is known as the species 

barrier, whereby the natively folded prion protein, PrPC, cannot be readily templated by PrPSc of 

a differing protein sequence. The bank vole prion protein presents a unique case whereby bank 

vole PrPC can be readily converted to infectious PrPSc capable of inducing disease both 

spontaneously and through templating by any prion strain of any mammalian origin. The structural 

basis for species barriers and prion transmission, including what uniquely allows bank vole prions 

to be converted by all isolates, has yet to be realized. Here I present the first views of fibrillar 

structures spontaneously adopted by elk and bank vole prion sequences that allow for 

visualization of the chains making up the cores of each fibril. Despite being formed in a similar 

chemical environment and differing at only five amino acids, these structures display some 

distinguishing features in structure and flexibility.    
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Introduction  

 

The Bank Vole: A New Model Organism for Rapid Study of All Strains of Prion Disease  

 

In the early days of prion disease research, before interspecies disease transmission was 

established, study of the original prion disease, scrapie, was confined to sheep and goats. Studies 

on transmission of scrapie were exceptionally long, with incubation periods for sheep spanning 

multiple years and goats being around two years.1 Transmission to small rodents sped up prion 

disease research, with the time from inoculation with the scrapie agent to presentation of disease 

taking 8 months in golden hamsters, 7 months in rats, and 4 months in mice1 after the original 

inoculum had undergone a few passages into the same animal species. In 1972, it was 

hypothesized that perhaps the incubation period for scrapie was influenced by the size, lifespan, 

and metabolic activity of the animal being passaged into1, thus other active rodents were infected 

in search of a more rapid means to study scrapie prions. Additionally, rodents represented a 

potential reservoir for prion diseases, as rodents are ubiquitous, and transmission to and from 

rodents would be relevant to understanding interspecies prion disease transmission in the wild. 

Thus the interest in studying transmission of prion disease to and from rodents extended beyond 

their use as an animal model. The 1972 study found that field voles had the shortest incubation 

period at 3.5 months, comparable or perhaps slightly shorter than for mice, and that short 

incubation period was consistent regardless of whether the vole was inoculated with scrapie 

prions first passaged through mice, rats, or other voles1. This was an unusual observation, given 

that most other animals that had been studied thus far displayed a species barrier, whereby the 

time for a new host species to present with symptoms would be longer if the scrapie strain was 

passaged through a different animal species than through the same species.  
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The species barrier further slowed and complicated study of prion diseases. Study of transmission 

in commonly used animal models gave variable timelines depending on the prion strain. 

Additionally, some animals, including commonly used mice, were not susceptible to infection at 

all, sometimes unexpectedly and for unknown reason2. After 1974, genetic modification of animals 

became possible and the gene for the prion protein (PrP) from one animal species could be 

knocked out and replaced by the PrP gene of another species. This allowed for the realization 

that the species barrier could be overcome if only the PrP amino acid sequence of the source 

inoculum and new host matched.3,4 This allowed for prion diseases like scrapie to be studied in 

transgenic mice expressing sheep PrP without first having to overcome the sheep to mouse 

species barrier. However, overcoming the species barrier in this way required a new transgenic 

animal model to be created to study each strain of prion disease, of which there are many due to 

the various familial mutations associated with prion diseases in humans and many animal species 

susceptible to prion disease. For this reason, an animal model, or PrP sequence, that is 

universally susceptible to rapid infection by all prion isolates is highly desirable to speed up prion 

research and make uncommon genetic variants more accessible to study.  

 

In 2005, another species of vole, the bank vole, was found to be susceptible to infection with 

multiple scrapie strains with comparable and short incubation periods without any genetic 

modification to the PrP gene5. In 2006, the same group found that nontransgenic bank voles were 

also able to acquire the human prion disease Creutzfeldt-Jakob disease (CJD) in a similar time 

frame to humanized mice6. The resulting aggregates were found to have protease-resistant PrP 

fragments that matched the size and relative abundance of the inoculum strain6,7 and cerebral 

deposition patterns8. Because of the many different sizes and variable protease-resistance 

patterns of prions found in different strains, these types of patterns are often used to help identify 

prion strains. This lent credence to the hypothesis that the inoculum strain was being faithfully 

reproduced in bank voles. Likewise, the in vitro assay, real-time quaking-induced conversion (RT-
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QuIC), showed that recombinant bank vole PrP was able to propagate all prion strains in a way 

that did not change the size or protease-resistance of the resulting aggregates9. This work implied 

that not only does animal-derived bank vole PrP propagate all tested prion strains with fidelity, 

but the recombinant protein was also able to do so.  

 

Bank Vole PrP Provides an Avenue for Study of Spontaneously Occurring Prion Disease 

 

While there are many studies of both overexpressed and normal expression levels resulting in 

prion disease, they all utilize transgenic animals expressing PrP with familial mutations seen in 

rare genetic human prion diseases10–15. Spontaneous disease does not occur at high enough 

frequency in wild type animals, even with overexpression of PrP, to study spontaneous disease.  

In 2012, this changed when bank vole PrP was found to be particularly prone to misfolding into a 

transmissible infectious agent spontaneously without the need for a seed strain16. Transgenic 

mice overexpressing wild type bank vole PrP developed and succumbed to prion disease that 

was transmissible to transgenic and nontransgenic mice, which also developed and succumbed 

to prion disease16. This demonstrated that not only was the bank vole prion particularly prone to 

misfolding into an aggregate conformation, but that it was prone to spontaneously misfolding into 

a bona fide infectious conformation.  

 

Structural Value of Bank Vole Prions 

 

Infectious prions with a 100% attack rate can also be generated from recombinant bank vole PrP 

by protein misfolding shaking amplification (PMSA)17,18. This illustrates that even recombinant 

bank vole prions are capable of retaining a hallmark feature of prions that distinguishes them from 

other amyloids: infectivity. Taken together, all these factors illustrate that bank vole PrP may 

provide unique opportunities for amplification and study of prion strain regardless of origin species 



 108 

and rarity, study of spontaneous prion formation, and study of recombinant prions capable of 

infectivity. If bank vole prions truly retain the structure of the seed strain, they present a massive 

breakthrough in prion research whereby all strains can be amplified with fidelity and studied from 

biological and structural perspectives with the aim of understanding the seed strain. The range of 

structures bank vole PrP is capable of taking on spontaneously is also of great interest for 

understanding what may represent the ultimate prion: a spontaneously forming infectious 

structure without regards for substrate PrP origin, be it recombinant or animal derived.   

 

An Emerging Prion Threat: Chronic Wasting Disease 

 

A prion disease affecting cervids, Chronic Wasting Disease (CWD), was first noted in 1967 and 

first described in print in 198019 however, it is still a relatively new prion disease compared to 

related diseases scrapie (described at least as early as 1853)20, CJD (1921)21, and kuru (1957)22. 

Bovine Spongiform Encephalopathy (BSE) was first noticed in 1985 and first described in 198723, 

but received a much larger amount of attention due to its high prevalence in cattle in the meat 

industry and the subsequent transmission of BSE to humans in the form of variant CJD (vCJD). 

CWD received considerably less attention as efforts shifted out of urgency to BSE and prion 

disease transmission to humans. Elk and deer are consumed on a much smaller scale than beef, 

and CWD has not been shown to be transmissible to humans. With ~6000 CWD cases reported 

in the US from 1996-201024 compared to the 190,000 BSE cases reported in Europe during a 

similar time frame in 201125, it is no surprise that CWD has been a much less studied, and much 

less understood, prion disease.  

 

Nevertheless, CWD poses an environmental and human health risk in the early stages of 

development. CWD is the only recognized prion disease of wild animals26,27 meaning there is 

massive potential for unchecked spread and undetected transmission across species lines. It is 
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not known whether CWD originated in captive or free-range animals, but the first cases were 

noted in Colorado19,26,28 followed by Wyoming27, where the farms and research facilities in the two 

states regularly exchanged animals. By 2002, new surveillance for CWD found herds harboring 

infected animals in seven US states - Colorado, Wyoming, South Dakota, Nebraska, Oklahoma, 

Kansas, and New Mexico - and one Canadian province27. But the surveillance came too late and 

CWD was brought to South Korea in 1997 through exchange of infected animals from Canada to 

South Korea29,30. As of January 2021, 25 US states, 3 Canadian provinces, 3 European countries, 

and South Korea have all reported captive or free-ranging animals with CWD31,32. Among these 

were naturally occurring cases in animals where CWD had not been seen before - moose33 and 

reindeer34. In captive herds where the disease has taken hold, infection rates of 1 in 10 animals 

are not uncommon with localized infection rates reaching 1 in 4 32. To combat the spread, entire 

herds - not just animals with known infection - throughout the world have been depopulated. In 

this way, CWD has depleted deer, elk, moose, and reindeer populations through both direct (CWD 

itself) and indirect (human controlled herd depopulation) means. 

 

Why Study CWD: The Potential for an Epidemic, Interspecies Transmission, and Ecological 

Impact 

 

The rapid spread of this disease poses a direct threat to population dynamics for cervids and may 

cause sudden unforeseen ecosystem imbalances35. Infectious prions can survive and remain 

transmissible in the soil in absence of an animal host36, leaving plants and earth exposed to 

infected elk threatening to cohabitating species susceptible to transmission. With transmission 

barriers shifting as strain adaptation occurs in each new species host, transmission of CWD to 

humans may be possible through indirect routes just a few species transfers away we have yet 

to consider or explore.  
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Transmission barriers are not reflective of phylogenetic relationships between species or even 

overall sequence similarity, making interspecies transmission difficult to infer based on current 

knowledge37. Disease transmission to predators of animals with a high incidence of prion disease 

is also not well understood, creating a potential new challenge of tracing prion diseases through 

food chains. These factors along with the prolonged incubation period, up to several years for 

animals and decades for humans, have made intervention via quarantine and herd depopulation 

an unsuitable means of complete disease containment and prevention. The unpredictable nature 

and impending threat of a prion disease epidemic in the United States makes the need for 

development of treatments urgent, but at present there are no cures, therapies, or preventative 

treatments on the market or in clinical trials for either humans or animals. This is largely due to a 

lack of molecular information about key features required for transmission and stability along with 

how to disrupt those features. 

 

The Possibility of CWD Strains  

 

In many animals, multiple prion strains exist with a variety of associated symptoms, progressions, 

and biophysical properties. The ratio between the three different glycosylation states of PrP is a 

common marker used to distinguish some prion strains. Strains are also distinguishable based on 

location of aggregate deposition, clinical progression, survival time, and other biophysical 

properties like protease resistance and molecular weights of the protease-resistant PrP 

fragments. Not unlike other mammalian prion diseases, CWD samples show a range of ratios 

between glycosylation states38, as well as two distinguishable survival times and aggregate 

deposition patterns when passaged into ferrets39 or syrian golden hamsters40. Since 2020, it has 

also been proposed that cervids in Norway and North America have distinguishable strains of 

CWD41 and, similar to familial human prion diseases, there may be genetic factors that influence 

CWD prion strain42. Most of the work looking into the possibility of strains in CWD has been 
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conducted in the last 15 years, with key findings noting naturally occurring strains just coming to 

light in the past 1-2 years. This illustrates that the possibility of CWD strains is just beginning to 

be explored, and there may be strains we have yet to discover.  

 

A Cervid Prion Structure: Importance for Establishing Structural Features Governing Prion 

Disease Transmission  

 

The CWD transmission rate between cervids is much higher than for other animal prion diseases 

for unknown reasons. Knowledge of the misfolded conformation(s) of cervid prions may offer hints 

about what structural features allow for ease of transmission that could be extended to inferences 

about other prions. Prion structures from different strains would help pinpoint atomic level features 

that control transmissibility, protease-resistance and other biophysical properties, as well as link 

structures to clinical features like survival time. This type of information will require systematic 

studies of prion structures, not only those found in diseased animals, but also those formed in 

vitro that either do not form in animals or lack a property of interest, like infectivity. Lastly, 

structures from CWD prions would allow for systemic comparison to prion structures from other 

mammals to aid in understanding and prediction of cross species transmission relationships 

based on the structural compatibility of different prion sequences and strain structures.  

 

 

Results  

 

In this chapter, I present current progress in understanding the structures taken on by 

spontaneously forming bank vole and elk prions. In order to provide a direct comparison between 

preferred structures, the same stretch of residues used in chapter 3 43 was incorporated into each 

protein construct - residues 94-178 based on human numbering. This fragment contains all 
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residues proposed to be involved in the original proposed beta solenoid core44, all residues found 

in at the core of fibrils found in patients with the familial prion disease Gerstmann-Sträussler-

Scheinker disease GSS45,46, and all residues found in the ordered core of an infectious Y145Stop 

variant that presents species-specific biophysical characteristics when studied by solid state 

Nuclear Magnetic Resonance (ssNMR)47.  

 

It is also worth noting that recombinant bank vole prions have been shown to be capable of 

producing the same 6-8kDa protease-resistant fragments seen in GSS patients7. GSS has yet to 

be demonstrated to be transmissible to other rodents, thus a model organism - and prion protein 

- where this rare disease can be studied and its associated prion aggregates can be amplified is 

desirable.   

 

A Single Bank Vole Prion Fibril Morphology  

 

Fibrils formed by recombinant bank vole PrP94-178 (rBvPrP94-178) under the conditions used were 

exceptionally homogeneous. A single morphology was detected after examination of hundreds of 

negative stain transmission electron micrographs and cryo-EM micrographs. This polymorph was 

easily identified by it’s short pitch - just 27 nm from one crossover to the next - and formed nearly 

instantaneously - within 10 minutes - of dilution of the monomeric protein into the growth buffer 

and initiation of acoustic resonance mixing (Figure 4.1a-c). Continued acoustic resonance mixing 

up to the longest incubation period of 30 hours did not alter the observed morphology. The only 

noteworthy change in fibrils left shaking between 12 and 30 hours was an increase in fibrils 

coalescing together to form tangled clumps, but all individual fibrils within these nets appeared to 

maintain the same structure. It is also worth noting that when fibrils were removed from the 

acoustic mixer, no further evolution of the sample took place. Fibrils kept their level of 

monodispersity and individual morphology after being kept under quiescent conditions on the 
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benchtop at room temperature for at least five months. These same results were achieved with 

multiple batches of fibrils formed from several protein expressions and purifications, illustrating 

that formation of this single morphology was reproducible.   
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Figure 4.1 Formation and Characterization of rBvPrP94-178 Fibrils. (a) rBvPrP94-178 was purified 

by size exclusion chromatography (SEC) with most protein eluting as a monomer based on 

retention time and SDS-PAGE (b). Lanes in (b) are as follows: 1. SeeBlue Plus2 Protein Ladder 

2. Supernatant after lysis 3. Pellet after solubilization in 8M guanidine HCl 4. Supernatant injected 

over an SEC column after solubilization in 8M guanidine HCl 5-10. Fractions eluting in the void 

volume and small peak before the large peak (lanes 11-14, bold) indicating ~9.7kDa monomeric 

rBvPrP94-178 (black arrow). (c) Fibrils formed within 10 minutes of dilution of rBvPrP94-178 into fibril 

growth buffer and agitation via acoustic resonance mixing. Fibrils with a single rapidly twisting 

morphology were the only morphology found in the sample regardless of whether they continued 

undergoing acoustic resonance mixing for at least 30 hours. (d) SDS-PAGE indicates these fibrils 

were somewhat more proteinase K resistant than monomeric, unfolded rBvPrP94-178, but could 

overall be described as protease-sensitive. Proteinase K is indicated with a white arrow (e) 

Proteinase K treated fibrils were imaged by negative stain electron microscopy after five or thirty 

minutes of incubation with proteinase K. Both samples experienced alterations that were 

immediately visible, including increased clumping, a loss of clearly identifiable fibril morphology, 

and accumulation of nonfibrillar aggregates. All scalebars 500nm.  



 115 

Proteinase K Sensitivity of rBvPrP94-178 

 

Unlike my previously shown rHuPrP94-178 fibrils43, rBvPrP94-178 fibrils are protease-sensitive by 

comparison, but achieving a quantitative assessment of ProK sensitivity here was fraught with 

challenges. The monodispersity of fibrils in solution made nephelometry an unsuitable method for 

attempts to quantify fibril disaggregation. This method, which I previously used to illustrate 

dissolution of aggregates of human prion fibrils43, is best suited for detection of large aggregates 

of fibrils and not the well separated individual fibrils present in the bank vole prion sample being 

studied here. Prions are also known to not always bind ThT, and upon adding ThT to these bank 

vole prion fibrils as well as control amyloid fibrils known to bind ThT, I was able to confirm that 

this bank prion fibril polymorph does not bind ThT, making this method also unsuitable for 

measurement of either fibril formation or dissociation after exposure to ProK.  

 

In my final attempt at quantifying ProK sensitivity of this bank vole prion polymorph, I compared 

bands observed by SDS-PAGE from monomeric and fibrillar forms of the bank vole prion 

construct after incubation with ProK for different lengths of time (Figure 4.1d). This also presented 

with challenges that restricted quantitative measurements, the largest being incomplete entry of 

fibrillar samples into the gel. Nonetheless, from the SDS-PAGE gel and electron micrographs 

(Figure 4.1d and e) it is clear that the fibril polymorph studied here was less sensitive to ProK than 

it’s unfolded, monomeric counterpart, but much weaker against ProK than my previously studied 

fibrils of a human prion formed from the same stretch of residues. The greater ProK sensitivity of 

this bank vole prion fibril polymorph compared to my previously studied human prion fibril 

polymorph can be understood without atomic detail just based on the relative size and 

compactness of the two fibrils cores. The protease-resistant human prion (HuPrPRes) core is made 

up of two symmetry related hairpins, constituting four layers of beta sheets in total. The bank vole 
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prion fibril core, on the other hand, is only composed of one beta strand per protofilament (Figure 

4.2), corresponding to only two, less protected, beta sheets making up the fibril core. 

 

 
 
Figure 4.2. Cryo-EM Reconstruction of rBvPrP94-178 Fibrils. rBvPrP94-178 fibrils were imaged at 

high-resolution in a frozen-hydrated state (top left, scalebar 100nm). A representative 2D class 

for the single morphology found is shown in the top center panel (scalebar 100A). Gold standard 

refinement in 3D revealed an approximately 20Å by 60Å cross section composed of two easily 

identifiable protofilaments (top right, scalebar 100Å). Strands on each rung are clearly separated 

in the density map (bottom left, scalebar 20Å) and a cross section after masking and sharpening 

shows ~15 residues per chain making up the ordered core with some side chains visible (bottom 

right, scalebar 20Å).  
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rElkPrP94-178 Prion Filaments: A Continuum of Structures  

 

For rElkPrP94-178, nearly all fibril growth conditions tested resulted in a polymorphic mixture of 

fibrils forming within 24 hours. More separated fibrils were more common under very acidic 

conditions while more clumped fibrils were more common under neutral conditions (Figure 4.3), 

thus acidic conditions were pursued for optimizing fibril morphology for cryo-EM. For most growth 

conditions, untwisted species were favored. Upon reduction from pH 3 sodium citrate to pH 2 citric 

acid, some untwisted species remained but twisting fibrils that were otherwise similar in 

appearance and dimensions became favored. It is therefore expected that the fibril polymorphs 

found in the pH 2 condition represent the same untwisted species seen at pH 3, but with flexible 

twisting behavior. Determining structures from this mixture of what appear to be related 

polymorphs may aid in identification of features giving rise to flexibility in amyloid structures, a 

topic that has yet to be thoroughly explored but becomes relevant when considering mechanism 

of monomer recruitment, misfolding, and crossing strain or species barriers.   

 

A mixture of ~7 polymorphs with different pitch and thickness could be identified in negatively 

stained fibrils in electron micrographs. Likewise, fibrils isolated from the brains of transgenic mice 

expressing the elk prion protein and inoculated with CWD prions have been noted to be highly 

structurally polymorphic in terms of dimensions and twisting behavior48, some of which resemble 

the dimensions found in my fibril sample. This mixture of polymorphs may be an important feature 

involved in the high transmission rate of CWD between cervids, thus structure determination of a 

single fibril polymorph may be insufficient to explain the collective biophysical and structural 

properties of CWD prion aggregates. Based on these two considerations - understanding flexibility 

in amyloid structure and the presence of multiple polymorphs in CWD - cryo-EM data was 

collected from this polymorphic elk fibril sample.  
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In order to minimize misclassification, each of three types of polymorphs based on crossover 

distance were manually picked separately. These consisted of “short” “medium” and “long” pitch 

polymorphs. While there was variation in crossover distance for each group, cutoffs for each 

group were chosen after visual assessment of the most commonly occurring crossover distances 

centering around a few values. Within some groups, there were also polymorphs that could be 

more readily distinguished during two-dimensional (2D) classification based on fibril width. These 

morphologies were not manually picked separately from other fibrils of similar pitch.   
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Figure 4.3. Formation of rElkPrP94-178 Fibrils. (a) Monomeric rElkPrP94-178 was purified by size 

exclusion chromatography. (b) Fibrils were formed under various conditions, but conditions using 

neutral pH buffers tended to result in tightly clumped fibrils (bottom) while acidic pH buffers yielded 

more monodisperse fibrils (top and middle). Fibrils formed at pH 2 appear similar in maximum 

width and appearance as fibrils formed at pH 3, but have taken on twisted arrangements. (c) 

Fibrils formed at pH 2 preserved in a frozen-hydrated state imaged at high resolution by cryo-EM. 
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Many fibrils seem to adopt a regular twist for some portion of the fibril before changing pitch (black 

arrows). All scalebars 100nm. 
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Fibrils falling into the short pitch group exhibited three distinguishable morphologies based on 

how bent sheets at the core appeared in cross sections (Figure 4.4). Because fibrils seemed to 

change from one morphology to another within an individual fibril (Figure 4.3c), these classes may 

represent the most commonly observed points along a continuum of flexible structures sharing a 

common core. This is supported by the similar appearance of fibrils formed at pH 2 and pH 3, with 

the main apparent difference being whether the fibrils were twisting or not. This hypothesis would 

require higher resolution maps where sequence assignment is possible to confirm.  

 

Fibrils falling into the medium pitch group also exhibited some variability in morphology, largely in 

the pitch. Thin medium pitch fibrils closely resembled the short pitch fibrils found in class 1, albeit 

with a longer stretch of the two strand core being visible and a much longer crossover distance of 

~110nm (Figure 4.5). Thicker fibrils of medium pitch were very rare, making up just 12% of total 

medium pitch fibrils identified during 2D classification (Figure 4.6a). Preliminary 3D classification 

using a small number of mixed quality particles yielded fibril cross sections that appeared to be 

composed of the same two strand building blocks arranged in pairs (Figure 4.6b and c).    

 

 

Discussion 

 

A wide range of sequence dependent structures are taken on by mammalian prions, both in tissue 

derived and in vitro generated prion samples. Dozens of prion diseases and strains exist across 

humans and animals, some of which have only recently been discovered38–40,42. While it has yet 

to be seen whether structures found in humans and animals infected with prion disease can be 

reproduced over a short time frame in vitro given the right circumstances, it may be a long wait to 

find out given the large number of strains for which structures have yet to be uncovered. It is 

therefore critical to forge ahead with structural studies of in vitro generated material with the aim 
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of gaining information about conformations accessible to prions and what features bestow - or 

take away - a structure’s stable and infectious properties. With the additional restrictions and 

challenges associated with determining structures from tissue-derived prion strains, a method 

known to generate the same structure in a more readily available in vitro environment will be well 

worth the investment to improve both basic and translational science.  

 

There is currently no robust way to predict amyloid folds the way globular structures can be 

predicted, including why some folds recur in all patients sharing a diagnosis while a distinct fold 

is adopted by the same protein in all patients sharing a different diagnosis. There is also no way 

of knowing why some structures are formed in humans and animals naturally while others may 

not occur naturally, but still have properties of interest like stability or infectivity.   



 123 

 
Figure 4.4. 3D Classification and Refinement of Short Pitch rElkPrP94-178 Polymorphs. (a) 

All particles belonging to fibrils with a short crossover distance (near 66nm) were separated into 

three 3D classes. Each class then underwent subsequent 2D or 3D classification to optimize 

particles included, helical parameters, and box size for the class being studied. Scalebars = 100A.  

(b) Gold standard refinements produced maps for short class 1 and 2 where clear chains can be 

traced in a cross section of the density. Likewise, 3D classification of short class 3 yielded maps 
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where a chain could be traced in the cross section. Maps are scaled to one another. (c) Angular 

distributions of particles included in short class 1-3. Because of the low resolution (~7-8Å) for 

classes 1 and 3, tilt angles were kept restricted.   
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Figure 4.5. 3D Classification and Refinement of a Thin Medium Pitch rElkPrP94-178 

Polymorph. (a) 2D classification of medium pitch rElkPrP94-178 fibrils revealed two morphologies 

of similar pitch, one thin shown here and one thick (Figure 4.6). Stitching of 2D classes led to an 

initial crossover distance estimate of 1,186Å and a corresponding twist of -0.728 degrees. (b) 

Rounds of 3D classification and 3D autorefinement were used to illustrate that a single thin 

morphology was present and remove all but the highest resolution particles. Particle orientation 

distributions are also shown (left). All scalebars = 100Å.  
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Figure 4.6. 3D Classification of Thick Medium Pitch rElkPrP94-178 Polymorphs. (a) 2D 

classification of medium pitch rElkPrP94-178 fibrils revealed two morphologies of similar pitch, one 

thick shown here and one thin (Figure 4.5). Stitching of 2D classes led to an initial crossover 

distance estimate of 1,133Å and a corresponding twist of -0.763 degrees. (b) One round of 3D 
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classification was used to separate particles into two classes with particle distributions shown in 

(c).  All scalebars = 100Å.  
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Assigning physiological properties to a specific fibril morphology is also complicated by 

heterogeneity in disease strains where a minor, uncharacterized polymorph may be responsible 

for a noteworthy phenotype such as toxicity or infectivity. Isolation of a single polymorph - which 

may only be possible in vitro for some diseases - offers a rare opportunity to assign biological 

properties to a single structure. By characterizing properties of each polymorph in isolation, the 

opportunity to explain prion behavior extends beyond the strain being studied and into any strain 

including the characterized polymorph. With the establishment of a direct line between biophysical 

properties and phenotype for more prion polymorphs, we will be able to model how strains with a 

disease-specific recipe of ingredient polymorphs will manifest. 

 

Here I have demonstrated that recombinant fibrillar prions formed under similar conditions can 

result in different structures depending on the sequence of origin. Just a few amino acid 

substitutions are sufficient to push the equilibrium from rapid formation of a single polymorph to 

formation of a continuum of flexible structures.  

 

rBvPrP94-178 rapidly and spontaneously forms fibrils that can be uniform in morphology. This 

implies that not only is BvPrP prone to misfolding into amyloid conformations, but these misfolded 

conformations are not random, and some may be much more favorable than others. This bank 

vole prion polymorph is also relatively protease-sensitive compared to a previously described 

polymorph of HuPrP formed from the same stretch of residues43. This difference may be at least 

partly explained by the comparably small core in rBvPrP94-178 made up of only two sheets 

compared to 4 in rHuPrPRes. It is also noteworthy that not all prions share the same biophysical 

properties. Naturally occurring prion diseases display a wide range of aggregate locations, 

protease-sensitivities, clumping behavior, fibrillar or sub-fibrillar morphology, and infectivity. Study 

of polymorphs known to harbor or omit each of these properties will be crucial to tease out how 

each property is encoded through structure.  
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rElkPrP94-178, on the other hand, displayed a wide range of morphologies with variable pitch and 

thickness that could be readily distinguished in electron micrographs. Cryo-EM revealed these 

morphologies may share a common, flexible core that can bend or twist from one morphology to 

the next even within the same filament (Figure 4.3 and 4.7). A continuum of amyloid structures 

like this with more than just slight variations in pitch has only been described with high resolution 

detail once before for tau49. What role flexibility plays in the properties of amyloids remains to be 

understood, but flexible amyloid structures like this are likely more common than is reflected in 

the recent literature aimed only at high resolution structure determination. Flexibility in amyloid 

filaments creates challenges in data processing that restricts achievable resolution, thus samples 

displaying flexibility are often abandoned or not pursued.  

 

This elk prion fibril sample also raises philosophical questions about what constitutes a distinct 

polymorph. Because these flexible structures can be found along the same fibril, some might 

answer that no, they are not polymorphs and only an incompatible arrangement of residues or a 

new quaternary structure would be necessary for this designation. This introduces limitations on 

what conclusions can be drawn about the polymorphism present in a sample visualized by 

common methods that are only reliable out to modest resolution, such as negative stain electron 

microscopy.  
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Figure 4.7. Schematic of Types of Polymorphism Seen in rElkPrP94-178 Fibrils. (a) Illustration 

of how polymorphs belonging to short class 1 and 2 may convert to one another via bending within 

a fibril layer, (b) how polymorphs in short and medium pitch classes could interconvert via pitch 

elongation achieved by shrinking the degrees rotated in each layer, and (c) how less abundant 

thick fibrils found in the sample appear to be the result of protofilament addition along the sides 

of the fibril.  
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Materials and Methods  

 

Recombinant Expression and Purification of rBvPrP94-178 and rElkPrP94-178 

 

As with previous work on rHuPrP94-178 43, a gene encoding either the equivalent bank vole PrP 

residues 94-178 (IDT) with the M109 genotype, or elk PrP residues 94-178 (human / bank vole 

numbering) was cloned into a pet28a+ Escherichia coli expression vector derivative containing 

no purification or solubility tages via Gibson assembly between NcoI and XhoI restriction sites. 

Correct gene insertion and sequence were confirmed by DNA sequencing (Genewiz). 

Recombinant bank vole PrP 94-178 (rBvPrP94-178) or recombinant elk PrP 94-178 (rElkPrP94-178) 

was expressed in BL21 GOLD cells via growth at 37 degrees C while shaking at 180-230 rpm 

until the optical density measured at 600nm (OD600) reached 0.6-0.8. Cells were induced with 

1mM IPTG and allowed to overexpress target proteins for 3.5-6 hours under the same cell growth 

conditions. Cells were then harvested via centrifugation at 8,000g for 10 minutes and stored at -

80 degrees C until protein purification.  

 

Purification was carried out as previously described43,50 and reiterated in chapter 2 with only 

distinctions highlighted here. After lysis, insoluble material was pelleted via centrifugation at 

30,000g for 1 hr (rBvPrP94-178) or at 10,000g for 30 minutes (rElkPrP94-178) at 4 degrees C. After 

washing the pellet with Buffer A (chapter 2) and solubilizing in freshly made Buffer B (chapter 2), 

remaining insoluble material was pelleted via centrifugation for 20 minutes at 20,000g (rBvPrP94-

178) or 35,000g (rElkPrP94-178) based on how readily soluble and insoluble material separated. Size 

exclusion chromatography was carried out as previously described in the literature (Wan 2015, 

Glynn 2020) and in chapter 2. After desalting, protein containing fractions were pooled and 

concentrated to 3.2 - 8 mg/ml before being flash frozen using liquid nitrogen and stored at -80 

degrees C until use.  
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Growth of rBvPrP94-178 and rElkPrP94-178 Fibrils 

 

Fibrils of rBvPrP94-178 were grown at 0.5mg/ml in 0.5M urea, 50mM NaCitrate pH 3, and 200mM 

NaCl. Fibrils used for cryo-EM were grown via acoustic resonance mixing43,51,52 at 38Hz for 9 

hours. It was later found that acoustic resonance mixing times as short as 10 minutes were able 

to produce abundance fibrils of the same morphology that did not evolve over time. After 

approximately 12 hours of shaking, individual fibrils maintained the same morphology, but began 

to irreversibly aggregate into clumps. Fibrils removed from the mixer after less than 12 hours of 

shaking did not clump or change morphology over the course of at least five months while they 

were stored quiescent at room temperature. Fibrils of rElkPrP94-178 were grown at 1mg/ml in 2M 

urea, 50mM Citric Acid pH 2, and 200mM NaCl. Fibrils later used for cryo-EM were also allowed 

to grow via acoustic resonance mixing at 38Hz for three days.    

 

Negative Stain Transmission Electron Microscopy of rBvPrP94-178 and rElkPrP94-178 Fibrils  

 

Fibril morphology was screened by negative stain transmission electron microscopy (TEM). After 

appropriate dilution (10-20x for rBvPrP94-178, 50x for rElkPrP94-178) of concentrated fibrils into water, 

3µL was applied to a 300 mesh formvar carbon (F/C) grid (Ted Pella). After being allowed to 

incubate for two minutes, 3µL of 2% uranyl acetate (UA) solution was applied to the grid and also 

allowed to incubate for two minutes before excess liquid was wicked away with filter paper. The 

grid was then allowed to air dry for a few minutes before storage or imaging using a Tecnai 12 

electron microscope (FEI).   

 

Partial Protease Digestion of rBvPrP94-178 
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Several methods were initially pursued for assessment of Proteinase K (ProK) resistance of 

rBvPrP94-178 fibrils. Nephelometry, which I previously used to illustrate dissolution of aggregates 

of human prion fibrils43. Even concentrated rBvPrP94-178 fibrils were not able to yield nephelometry 

readings readily distinguishable from readings of fibril growth buffer with proteinase K alone, thus 

this method was not pursued for quantification of aggregates in this case.   

 

For the ThT assay, 25µM rBvPrP94-178 and 174µM insulin were first confirmed to contain fibrils by 

negative stain electron microscopy. To assess the ability of rBvPrP94-178 to bind ThT, 25 µM ThT 

was added to either unproteolyzed rBvPrP94-178 fibrils, rBvPrP94-178 fibril growth buffer alone, or 

insulin fibrils in a total reaction volume of 15 µL in a 384 well black flat bottom plate (Corning). 

Emission at 482 nm was recorded using a Varioskan plate reader with a 440nm excitation 

wavelength for a 100ms or 1s integration time. Fluorescence for rBvPrP94-178 fibrils (2.4 AU) barely 

registered above the buffer only control (0.7 AU), while fluorescence for insulin gave a typical 

reading for ThT binding samples for this instrument53 (133.9 AU). Thus, this rBvPrP94-178 

polymorph did not readily bind ThT and this method was also not pursued for quantification of 

aggregates of this sample.  

 

In the final attempt to quantify proteinase K resistance of rBvPrP94-78, SDS-PAGE was used. 

Enzyme was dissolved in rBvPrP94-178 growth buffer and added to either fibrillar or unfibrillized, 

unfolded rBvPrP94-178 in a 1:100 molar ratio of ProK : rBvPrP94-178 monomer. After addition of 

enzyme, samples were incubated for 5, 10, 30, 60, or 180 minutes at room temperature under 

quiescent conditions. After the incubation time was reached, SDS-PAGE loading buffer was 

added to each sample and heated to 98 degrees for 10 minutes to stop the reaction. For each 

time point, a sample of the digestion was also immediately diluted 5x into water and 3µL was 

applied to a glow-discharged (PELCO easiGlow) 300 mesh carbon F/C electron microscopy grid 

(Ted Pella). The sample was allowed to incubate for two minutes before 3µL of 2% UA was added. 
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After two minutes of incubation with UA stain, excess liquid was wicked away with filter paper and 

the grid was allowed to air dry for a few minutes.  

 

Preparation of Frozen-Hydrated rBvPrP94-178 and rElkPrP94-178 Fibril Grids for Single Particle 

Cryo-EM 

 

For both rBvPrP94-178 and rElkPrP94-178, unproteolyzed fibrils were used for cryo-EM data 

collection. After 9 hours of fibril formation and 16 days under quiescent conditions on the 

benchtop, rBvPrP94-178 fibrils were diluted 25 fold into 50mM pH 3 NaCitrate buffer. R1.2/1.3 300 

mesh Copper grids (Quantifoil, Electron Microscopy Sciences) were glow-discharged for 90 

seconds on each side using a PELCO easiGlow glow discharger. 1.8microL of sample was 

applied to each side of the grid before being plunge-frozen into liquid ethane using an FEI Vitrobot 

Mark IV set to 100% humidity and 12 degrees C. A blot time of 11 and a blot force of 1 were used.  

 

For the first round of cryo-EM data collection, rElkPrP94-178 fibrils were diluted 200x into water 

before being sonicated in an ultrasonic bath (Fisher Scientific) for 2 seconds to break up fibers 

slightly. The grids, glow-discharging, and sample application for rElkPrP94-178 was identical to 

rBvPrP94-178, with the only changes to the plunge-freezing process being the vitrobot settings of 

temperature (4 degrees), blot time (4 seconds), and drain time (1 second). For the second round 

of data collection, sample concentration was increased to allow more particles from the many 

polymorphs to be imaged. These samples were diluted 100x into water. For grid preparation, all 

parameters were unchanged except blot time, which was adjusted to 5 seconds.    

 

Cryo-EM Data Collection of rBvPrP94-178 and rElkPrP94-178 Fibrils  
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For rBvPrP94-178 fibrils, images were collected on a Titan Krios (FEI) operating at an accelerating 

voltage of 300keV equipped with a Gatan K2 direct electron detector attached to a Gatan Image 

Filter (GIF) with a slit width of 20eV. Automated image collection was carried out using SerialEM54 

at 130,000x in super resolution counting mode. For the first 350 images, 40 200ms second frames 

were collected for a total exposure time of 7 seconds at a dose rate of  7.1e-/A2/s (or 1.42e-

/A2/frame). After the first 350 images, the illuminated area was shrunk from 700nm to 660nm to 

allow capture of two images per hole. For these images, 30 200ms frames were collected for a 

total exposure time of 6s at a dose rate of  8.6e-/A2/s (or 1.72e-/A2/frame). In total, 8991 images 

were collected over three days with a target defocus range of -1.6 - -2.2 microns.  

  

For the second dataset collected on rBvPrP94-178 fibrils, images were collected on a Titan Krios 

(FEI) operating at an accelerating voltage of 300keV equipped with a Gatan K3 direct electron 

detector attached to a GIF with a slit width of 20eV. Automated image collection was carried out 

using Leginon55 at 105,000x in super resolution counting mode. 36 83ms frames were collected 

for a total exposure time of 3 seconds at a dose rate of 13.2e-/A2/s (or 1.10e-/A2/frame). In total, 

2630 images were collected over the course of one day with a target defocus of -2 microns.  

 

For rElkPrP94-178, two datasets were also collected. For the first dataset, the same instrument and 

data collection parameters were used as in the first rBvPrP94-178 dataset with the following 

distinction. 30 200ms frames were automatically collected using leginon for a total exposure time 

of 6s at a dose rate of 6e-/A^2/s for a total dose of 36e-/A2 (or 1.20e-/A2/frame). 5732 images were 

collected over the course of four days.  

 

For the second rElkPrP94-178 dataset, images were collected in a manner similar to the second 

rBvPrP94-178 dataset with the following distinctions. Automated image acquisition was carried out 

at 81,000x in super resolution counting mode. 36 83ms frames were collected for a total exposure 
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time of 3s with a dose rate of 50e-/A2 (or 1.39e-/A2/frame). 7453 images were collected over the 

course of three days.  

 

Cryo-EM Data Pre-Processing of rBvPrP94-178 and rElkPrP94-178 Fibrils  

 

For all datasets, motion correction was carried out in MotionCorr256 implemented in RELION 3.057 

using 5 x 5 or 4 x 4 (rElkPrP94-178, dataset one only) patches per micrograph. All datasets were 

collected in super resolution counting mode, and were therefore images were all binned 2x after 

motion correction with the exception of the first rElkPrP94-178 dataset, where images were left 

unbinned at this stage. For the first rBvPrP94-178 dataset, there was an abundance of images and 

a large number of fibrils of a single polymorph captured in each image. Thus, before contrast 

transfer function (CTF) correction using Gctf58 images with either poor quality or no ice or images 

that were too far from focus were manually removed. 80% of all images in the dataset, or 7219 

out of 8991, had potential to contain usable images of fibrils and passed this initial filtering step. 

For all other datasets, images were not manually removed before CTF correction.  

  

For rBvPrP94-178 dataset one, after ctf correction images with an estimated resolution better than 

4A were carried forward. 6346 micrographs met this resolution cutoff, representing 88% of images 

selected during the first filtering round and 71% of the total dataset collected. For all other 

datasets, no filtration was carried out based on estimated micrograph resolution and all 

micrographs were used for manual filament selection in RELION 3.0. For both rElkPrP94-178 

datasets, fibrils that had “short” (~66nm) and “medium” (~100nm) crossover distances were 

picked separately. Fibrils with very long crossover distances (>140nm) were not selected due to 

their extreme variability in pitch and flexibility that would further hinder efforts to determine the 

structure of a fibril with such a long pitch. After manual selection of particles from rBvPrP94-178 

dataset one, 6219 micrographs were found to contain picked particles. This represented 98% of 
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images that went into the manual picking step and 69% of all micrographs collected in the dataset. 

The second rBvPrP94-178 dataset has yet to undergo preprocessing.  

 

Two-Dimensional Classification of rBvPrP94-178 Fibrils  

 

At this time, only the first dataset from rBvPrP94-178 fibrils have undergone two-dimensional (2D) 

classification and will be described here. An initial box size of 256 pixels with an interbox distance 

of 19.2Å  was used to extract 2,002,105 particles from 6219 micrographs. These particles were 

binned 2x to a working box size of 128 pixels with 2.14Å / pixel to speed up early classification 

steps. Particles were subjected to a 200Å high pass filter in RELION before being divided into 4 

groups of ~500,000 particles each to undergo 2D classification in 200 classes separately. After a 

few rounds of removing poor quality 2D classes, the remaining 750,008 particles were pooled, 

reextracted without binning, and subjected to another round of 2D classification into 200 classes 

together. The short fibril crossover distance allowed it to be measured directly via 2D classification 

using either a 384 or 512 pixel box, with both box sizes yielding a similar crossover estimate near 

270Å. This measurement varied within ~20Å depending on the class being measured. 476,317 

particles belonging to the best looking and highest resolution classes were carried forward to 

three-dimensional (3D) classification.  

 

Two-Dimensional Classification of rElkPrP94-178 Fibrils: Short Pitch  

  

At this time, only the first dataset from rElkPrP94-178 fibrils have undergone two-dimensional (2D) 

classification and will be described here. 109,098 particles in the short pitch group were initially 

extracted with a 1600 pixel box rescaled to 800 pixels at 1.07Å/pixel with a 28.8Å interbox 

distance. Particles were classified into 25 classes in order to obtain an estimate of the crossover 

distance that could be captured within a single image to minimize errors introduced by stitching 
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together classes of smaller box size. All particles were then reextracted with 800 pixel boxes 

binned to 400 pixels at 1.07Å/pixel. These particles underwent several rounds of 2D classification 

until 77,533 particles from high quality classes displaying 4.8Å strand spacing along the helical 

axis remained.  

 

After an initial round of 3D classification described in the next section three slightly different 

structures could be identified and are subsequently described as short class 1, 2, and 3. 31,234 

particles belonging to short class 2 were subjected to an additional round of 2D classification with 

the aim of removing the poorest quality particles. Ten classes were used and seven classes 

composed of 29,644 particles with visible 4.8Å features were selected and subjected to additional 

rounds of 3D classification to be described in the next section. 17,671 particles belonging to short 

class 3 were also subjected to an additional round of 2D classification using a 2048 pixel box 

binned to 512 pixels at 2.14Å/pixel. The goal of 2D classification for this group of particles was to 

obtain a more accurate pitch estimate of short class 3 specifically from a single large box without 

errors introduced by stitching classes with minimal defining features.    

 

Two-Dimensional Classification of rElkPrP94-178 Fibrils: Medium Pitch  

 

98,808 particles with crossover distances of ~100nm were extracted using a box size of 2048 

pixels binned to 512 pixels at 2.14Å/pixel. 2D classification was carried out with 50 classes, and 

two readily identifiable morphologies with similar crossover distances emerged - a thick 

morphology and a thin morphology. Because of the long pitch, a few classes needed to be stitched 

together, even with this large box, in order to obtain an estimate of the pitch for both thick and thin 

fibrils. Thin fibrils with crossover distances of ~1,186Å made up 88% of medium pitch fibrils 

selected with 65,477 particles falling into these classes and moved into 3D classification steps. 
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The remaining 12% of selected fibrils belonged to classes with fibrils of thicker morphology with 

a similar estimated crossover distance of ~1,133Å. This translates to 8,737 particles belonging to 

the “thick” subset being carried to 3D classification.  

 

Three-Dimensional Helical Reconstruction of rBvPrP94-178 Fibrils  

 

For thin filaments with a short pitch, smaller than typical box sizes are often used to best align 

particles taking up a relatively small number of pixels59–63. The short ~270Å crossover distance 

and ~130Å thickness of rBvPrP94-178 fibrils at their thickest point led to 3D classification and gold 

standard autorefinement attempts at various stages of the classification and autorefinement 

process using particles that were reextracted using various box sizes - 160, 200, 256, and 384 

pixels. All box sizes used yielded cross sections similar in appearance, but the very small ordered 

core of the fibril - approximately 20Å by 60Å - could be best resolved using a 160 pixel box. Thus, 

this small box size was used for subsequent 3D classification and autorefinement.  

 

Several rounds of 3D classification aligning the central 30% of the box were carried out using 

three classes and C1 symmetry. A gaussian ellipsoid was used as an initial reference model. The 

crossover distance measured from 2D classes was used to calculate an initial estimate of the 

twist value that was optimized to -3.11 degrees for a left handed helix. All three classes in each 

round of classification represented the same ultrastructure, but only 79,114 particles belonging to 

the highest resolution class were carried forward for CTF refinement and subsequent 3D 

autorefinement. At no point during the cryo-EM data processing pipeline - manual picking, 2D 

classification, and 3D classification - was another polymorph observed in the dataset, thus the 

polymorph described here was conclusively the only fibrillar polymorph present in the sample. 
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Similar to the procedure used for autorefinement of rHuPrPRes 43, a bimodal tilt angle distribution 

was discouraged by addition of the flag –helical_keep_tilt_prior_fixed and setting the sigma tilt 

value to 1 for early iterations where a low healpix order (4, or 1.875 degrees) was used. Once a 

solution started to be converged upon after a few iterations, finer sampling was achieved by 

increasing the healpix order and the tilt values were allowed to expand to two and tilt priors were 

no longer fixed to 90 degrees. This achieved a smooth distribution of tilt angles about the expected 

90 degrees.  

 

After the twist value had been optimized, similar autorefinements were carried out using twist and 

rise values corresponding to two, three, and four rung beta solenoids but no discrepancies in 

layers indicative of a beta solenoid structure were detected and thus were not pursued.  

 

After gold standard autorefinement had been carried out using two independently refined half 

maps, helical symmetry in real space was imposed using the central 20% of the box to ensure 

uniform resolution throughout the fibril. Masking and postprocessing steps were carried out in 

RELION 3.0 using the flag --inimask_threshold 0.01. Sharpening was carried out in PHENIX64 

using phenix.auto_sharpen to 3.4Å and a final B factor of -163.65.  

 

Three-Dimensional Classification of rElkPrP94-178 Fibrils: Short Pitch  

 

After 2D classification of short short pitched particles, classes belonging to different polymorphs 

were not readily distinguishable. Thus, all 77,533 particles were included in 3D classification runs 

with 3 classes using an initial twist value of -1.3 degrees calculated from the estimated crossover 

distance of 665Å measured in 2D classes with a 800 pixel (856Å) box and by stitching together 

2D classes of smaller box sizes. This 3D classification yielded three distinguishable cross 

sections, which will subsequently be described as short class 1, 2, and 3. These three 
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morphologies could be more easily classified after a second round of 3D classification using the 

same particles, but now also using the three classes from the previous run as references and 

allowing the twist value to refine between -1.15 and -1.35 degrees to allow particles to separate 

more easily into these classes based on their slightly different twist values.  

 

Short class 1 was composed of 28,628 particles that were subjected to 3D autorefinment with C1 

symmetry. This refinement used a gaussian ellipsoid as a reference model, a 400 pixel box with 

1.07Å/pixel, and a -1.25 degree twist. Due to the moderate resolution of the reconstruction 

(7.25Å), postprocessing and sharpening were not pursued.  

 

Short class 2 was composed of 31,234 particles that were subjected to an additional round of 2D 

classification described in the section above in order to remove poor quality particles. The 

remaining 29,644 particles were then subjected to additional rounds of 3D classification to refine 

the twist and rise values and to visualize a staggering of strands indicative of a pseudo-21 screw 

axis. The twist value was further refined to 179.42 degrees and the rise refined to 2.415Å. The 

quality of the reconstruction obtained using several box sizes (256, 300, 400, and 512 pixels) was 

also assessed here, and a 256 pixel box was pursued for 3D autorefinement. Gold standard 3D 

autorefinement was carried out using a reference of the same polymorph from a previous 3D 

classification run including the same particles and helical parameters filtered to 15Å. The flag –

helical_keep_tilt_prior_fixed was used to discourage particles adopting a bimodal tilt angle 

distribution for early refinement iterations using a low healpix order (4, 1.875 degrees). This flag 

was removed after a few iterations where particles began to converge to their correct orientations 

and the healpix order had been increased to refine particle orientations. Throughout this process, 

sigma tilt did not to be as restricted for early iterations as for some other dataset and was set to 

three.  
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The estimated resolution for short class 2 should have been high enough to see some large 

sidechain features. This estimate was 4.4Å directly out of autorefinement and 3.7Å after imposing 

symmetry in real space from the central 10% of the box and postprocessing using the flag --

inimask_threshold 0.01. However, directional striping artifacts were visible in cross sections of the 

map and in maps sharpened past 4.2Å that could not be explained by severe orientation bias 

(Figure 4.4). These stripes are likely the result of data of insufficient quality for a high-resolution 

structure where noise bias has built up in the reference arising from very little mass in the box for 

alignment (Sjores Scheres, personal correspondence). Thus, this estimated resolution is not 

reflective of what protein features can be seen in the map and conclusions were not drawn beyond 

the shape of the main chain. No attempts were made to assign a sequence into this unreliable 

density.   

 

Short class 3 was the least abundant of the short classes, and was composed of 17,671 particles. 

An estimated crossover distance of 754Å was obtained from a 2D classification run using a box 

size corresponding to 1,096Å, this translates to a -1.146 degree twist. 3D classification was 

carried out using a 256 pixel box and a gaussian ellipsoid as a reference model with particles 

allowed to split into two classes. A small initial number of particles belonging to this class did not 

allow for many particles to be removed without loss of signal, and 3D autorefinement was not 

pursued for this class. The resolution obtained during 3D classification (~7-8Å) did not allow for 

visualization of strand separation, but did allow two large beta strands and two small beta strands 

to be visible in cross sections making up the core of the fibril.    

 

Three-Dimensional Classification of rElkPrP94-178 Fibrils: Medium Pitch 

 

For particles belonging to the medium pitch thin fibril group, two rounds of 3D classification with 

two classes and a 256 pixel box with 1.07Å/pixel were used to try and separate out the best 
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particles. 3D autorefinement runs were carried out using all 65,477 particles, 33,773 particles 

falling into the best class after the first round of 3D classification, and 18,686 particles falling into 

the best class after a second round of 3D classification. All three autorefinements achieved similar 

results with twist values ranging from -0.663 - -0.689 degrees and estimated resolutions reaching 

4.4Å after autorefinement and 3.7-4.1Å after postprocessing. Similar to short class 2, directional 

striping was visible in cross sections from all runs and sharpening could not be carried out without 

clear artifacts appearing at sharpening values past 4.2Å. Thus, these estimated resolutions are 

also not reflective of the true resolution of protein features in the map and conclusions beyond 

tracing a chain could not be drawn. 

 

For particles belonging to the medium pitch thick fibril group, 8,737 particles were subjected to 

3D classification into two classes using a 256 pixel box with 1.07Å/pixel. Two ultrastructures that 

appeared to be composed of the same two beta strand building blocks arranged slightly differently 

emerged. While chains could be traced for both of these thick filament morphologies, The very 

small pool of mixed quality particles did not allow for further improvements in homogeneity or 

resolution during subsequent rounds of 3D classification, thus 3D autorefinement was not pursued 

for either thick filament morphology.   

 

Model Building Attempts for BvPrP94-178 Using PyRosetta 

 

Initial attempts at sequence assignment centered on identifying the largest sidechains and 

manually assessing the fit of surrounding residues to the cryo-EM density, but sequence 

assignment was not conclusive based on visual assessment alone. The small ordered core was 

composed of 15 residues making up each chain out of a total of 84 residues in the protein 

construct. Landmark features in the density that ruled out all other sequence assignments were 

not apparent, and many solutions appeared equally likely. The directionality of each chain and 
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whether they were truly related by symmetry was also not taken for granted, further multiplying 

the number of possible sequence combinations.  

 

Thus, exhaustive computational searches of sequences fit against the cryo-EM density were 

conducted in PyRosetta65. Protein backbones composed of ten identical layers were built using 

COOT66 into each of two chains traveling both parallel and antiparallel to one another for a total 

of four directionality combinations between the two sheets. All ten poly-alanine layers were 

iteratively refined against the cryo-EM density in PHENIX64 with manual adjustments in COOT to 

ensure the best starting point for threading sidechains onto each backbone. Changes made to 

one layer were propagated to all ten layers throughout refinement to ensure model compatibility 

with adjacent protein layers. Clashscores and ramachandran angles for all four models were 

minimized to similar values of 8.97-9.93 and 92.31% favored respectively to minimize bias in 

subsequent model scores based on starting backbone geometry.  

 

All 15 residue sequence combinations in the 84 residue segment (71 combinations) were 

independently thread onto each of the two strands (5041 combinations) in each of the four models 

(20,164 combinations) with each combination of chain directionalities. After threading, all ten 

layers were allowed to repack against the cryo-EM density. The six central layers were then 

allowed to undergo a fast-relax protocol heavily weighing fit against the cryo-EM density while the 

two top and bottom layers remained fixed. The repulsive term was also down weighted since 

amyloid structures are known to pack more tightly than the natively folded proteins the Rosetta 

energy function was optimized for. The middle six layers were then scored based on Rosetta 

energy and Fourier shell correlation (FSC) for a resolutions range indicative of the highest 

resolution features in the map that could be used to best assess discrepancies in sidechain fit 

(4.0-3.4Å).  
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The deviations in Rosetta energy and the FSC at 4.0-3.4Å between the best and worst scoring 

models were too small to confidently assign a correct sequence, thus no sequence or chain 

directionality assignments were made and further computational efforts would be needed to 

achieve this end.  
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Technological Advancements Allow for Visualization of Prion Cores 
 
 
The uncovering of amyloid structures with atomic detail has been the result of decades of 

technological advancements. The first two chapters described how the boundaries of 

crystallography were pushed by micro-crystal electron diffraction (microED). Peptide structures 

arising from microfocus x-ray beamlines at synchrotrons and from electron microscopes allowed 

for visualization of the types of interactions present in amyloids that bestow them with their 

trademark stability and longevity. The steric zippers first described by Michael Sawaya and David 

Eisenberg1 consisted of interdigitating polar residues whose hydrogen bonds could be satisfied 

through long stacks of polar ladders2–4 along the entire length of the amyloid fibril. Besides 

interdigitating polar residues, hydrophobic residues were also found to form tightly packed steric 

zippers where their sidechains could be buried away from solvents. In chapters 1 and 2, an 

intricate three-dimensional hydrogen bonding network, termed a polar clasp, was described. The 

clasps are composed of two interlocking polar ladders and illustrate how hydrogen bonds formed 

between neighboring residues on the same chain could be another form of stabilizing interaction 

in amyloids that blocks access to the peptide backbone by solvents, denaturants, or proteases.  

 

In chapter 2, I illustrated how the same amyloid structure may be accessible to prion β2α2 loop 

peptides, but in different chemical environments and with different stabilities. The reluctance to 

form the same structure under the same conditions may offer the beginnings of an explanation 

for the species barriers observed for mammalian prions of different origin species. I also 

demonstrated how single residue substitutions can impact more than just their own interactions 

and have an influence that propagates across the peptide chain to favor new interactions and 

create new interfaces between protofilament chains. Here, the influence of this residue - 174 - 

could not have been inferred from a single structure alone. In the crystal structure of bank vole 

PrP168-176 presented in chapter 15, substituting N174 for an S or T would not be strictly prohibited. 
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This substitution would not have induced any clashes that would force a structural rearrangement, 

but nonetheless a new structure was taken on for peptides containing S or T174 in place of N. 

This highlights the importance of more than just the endpoint structure itself in deciding the fold 

an amyloid will take on.   

 

The Cryo-EM Resolution Revolution Reaches Prions  

 

The theme of incorporating new technology and methodology in pursuit of amyloid structure 

continued in chapters 3 and 4 through utilization of single particle cryo-electron microscopy (cryo-

EM). While the cryo-EM resolution revolution began a few years earlier, the revolution made its 

mark on the amyloid field starting in 2017. More elaborate amyloid structures than ever before 

started to be resolved with atomic detail, both for tissue-derived and in vitro reconstituted amyloid 

fibrils. In chapter 3, I presented the first of these structures from a recombinant human prion fibril 

with chaotrope-, protease-, and SDS-resistant properties. In chapter 4, I demonstrated that bank 

vole and elk prions are also capable of spontaneously forming fibrils in the absence of a seed 

strain and form structures distinct from those taken on by the same stretch of residues of the 

human prion protein. In the subsequent sections, all cryo-EM structures of prions resolved to date 

will be discussed with implications for strains, biophysical properties, and species barriers 

discussed. 

 

Comparison to Other Prion Structures: Recombinant, Infectious Y145Stop from Human, Animal, 

and Familial Disease Associated Variants    

 

While the most common prion diseases are associated with aggregation of full length PrP into 27-

30kDa protease-resistant aggregates, there are prion diseases associated with PrP truncations 

and accumulation of much smaller 6-8kDa protein fragments spanning residues ~90-145 with 
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ragged N and C termini6. The most noteworthy of these diseases is the human familial prion 

disease Gerstmann–Straüssler–Scheinker disease (GSS), but animal equivalents with 

aggregates composed of the same comparably small stretch of residues exist7. The naturally 

occurring and disease associated Y145Stop truncation has been characterized extensively by 

solid state nuclear magnetic resonance (ssNMR)8–10 and has been demonstrated to be capable 

of inducing disease in mice after intracerebral injection11. Based on this ssNMR data, human, 

mouse, and syrian hamster prion fibrils share a common ordered region spanning residues 112-

140. Residues 112 and 139 were also shown to have a disproportionate influence on the structure 

of the resulting aggregates. A genetic match at these residues allowed for faithful reconstitution 

of known species barriers between human, mouse, and syrian hamster prions8.  

 

The prion constructs used in these ssNMR and mouse experiments were similar to those used in 

chapters 3 and 4 (residues 23-144 there and 94-178 here) and produced a core composed of 

nearly the same residues (112-140 there and 106-145 here). Both structures are modelled to 

include two symmetry related hairpin-like structures coming together to form a tight interface, and 

observations about the effect of mutations on structure and species barriers can be understood 

through the structure presented in chapter 312.  

 

Most recently, a cryo-EM structure of fibrils formed from human PrP23-144 was determined13. Fibrils 

were prepared in a way similar, but not identical, to those of human prion fibrils studied in ssNMR 

experiments8,9 and in mouse experiments where the resulting fibrils were capable of inducing 

disease11. The ordered core of these fibrils was composed of residues 108-141 – a near identical 

stretch to residues most clearly resolved in ssNMR experiments and those seen in the cryo-EM 

structure presented in chapter 3. Despite inclusion of the same residues in the core, the sharing 

of two short beta sheets composed of residues 133-135 and 138-140, and many of the same 

residues being inaccessible to solvents or in positions that would have relevant consequences for 
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species barriers, cryo-EM revealed two entirely different architectures for the fibrils used in each 

study. These two structures taken together highlight the potential for many different prion 

structures that share the same features and properties to exist.  

 

Despite a similar fragment of mouse sequence being capable of inducing disease in mice11, the 

ability of either of these recombinant human fibril polymorphs to either induce disease or 

demonstrate infectivity has yet to be tested. The relevance and consequences for disease and 

infectivity of different atomic structures with many indistinguishable structural features and 

biophysical properties has yet to be realized, but may be useful for identifying and designing 

prions in the future.  

 

Many mutations known to be associated with the familial prion disease GSS cannot be 

accommodated in the HuPrPRes structure presented in chapter 312. In agreement with this, ssNMR 

experiments have recently demonstrated that GSS associated mutation A117V and the naturally 

occurring sequence polymorphism M129V influence the size and sheets making up the ordered 

core of prion fibrils10. The ordered core shrank from residues 112-140 in wild type human PrP to 

120-139 for A117V and 121-139 for M129V variants. This illustrates that these mutations are both 

predicted to, and do in fact, alter the conformation and flexibility of the resulting fibril cores.  

 

Also based on ssNMR, substitution of human I138 for mouse M138 - a solvent facing residue in 

HuPrPRes - did not alter structure or species barriers while substitution of human I139 to syrian 

hamster M139 - an inward facing residue in HuPrPRes that could not accommodate such a 

substitution - did alter structure and species-specific infectivity relationships to more closely match 

patterns observed for syrian hamster prions8.      
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Comparison to Other Prion Structures: Full Length Recombinant Human PrP of Wild Type and 

Familial Mutant E196K Sequences 

 

Fibrils formed by the full length human prion protein under nonreducing conditions have shed light 

on a new polymorph with the C terminal domain at its core14. Likewise, fibrils formed by the full 

length human prion protein containing the familial disease associated E196K mutation also favor 

a core composed of the C terminal domain15. However, the structure taken on is readily 

distinguishable from the structure favored by the aforementioned wild type full length human prion 

protein. The structure presented in chapter 3 is composed of residues 106-145, while these two 

structures are composed of residues 170-229 and 175-217 respectively. Thus each section - the 

N terminal and C terminal region - is able to form a large compact structure with a sizable buried 

surface area on it’s own without the other half of the protein. This leads to the hypothesis that 

prions may be composed of two potential semi-independent amyloid cores, one composed of the 

N terminal region and the other the C terminal region of the protein. The residues not seen in any 

of the structures described thusfar - residues 146-169 - includes a portion of the β2α2 loop that 

may influence how the two core modules come together and form species-specific structures. At 

this time, this hypothesis is purely speculation, but may have some support from a prion structure 

formed by the 263K scrapie strain isolated from hamsters16 to be discussed in a subsequent 

section.    

 

Familial Mutations: General Trends and Implications for Prion Structure  

 

Both works using A117V and M129V10 as well as E196K variants15 bring to light a pattern for 

familial prion disease associated variants - a smaller ordered core structure. The ordered region 

of the N terminal core shifts from ~30 residues down to ~20 residues when the A117V or M129V 

mutation is introduced and the C terminal core shifts from ~60 residues down to ~40 residues. 
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More structures will be needed from both recombinant and tissue sources to find out whether this 

is mere coincidence or a meaningful trend for prion structures in general.  

 

Comparison to Other Prion Structures: Bank Vole and Elk Prions 

 

A single residue has been shown to alter the fibril structure of not only human prions, but also 

other amyloid forming proteins17–23. It should serve as no surprise, therefore, that animal prions - 

which have several residue differences from human prions - could take on different structures 

from human prions. In chapter 4 I demonstrated that bank vole and elk prion fibrils generated 

under similar conditions produce distinct structures from one another that are also distinct from 

human prions formed by the same stretch of residues. Both bank vole and elk prion core 

structures are composed of two straight layers of beta strands compared to the four layers making 

up the core of HuPrPRes. The smaller, less protected core of recombinant bank vole PrP94-178 

(rBvPrP94-178) fibrils studied here are also protease-sensitive while HuPrPRes fibrils are not, which 

can be explained by the structures even without resolutions compatible with residue assignment. 

The flexibility seen in recombinant elk PrP94-178 (rElkPrP94-178) fibrils is likely a common feature of 

amyloids that was more commonly observed in the 1990s and 2000s24–26 before high resolution 

cryo-EM compatible with residue assignment became commonplace for amyloids. The 

contribution of flexibility may be being unintentionally erased, and the disease- and species 

barrier-relevance of core flexibility remains to be explored.  

 

Comparison to Other Prion Structures: Infectious 263K Scrapie Strain Isolated from Hamsters  

 

Recently, fibrils found in the 263K scrapie strain were isolated from hamsters and had their 

structure determined by cryo-EM16. These fibrils were then intracerebrally injected back into mice 

after manipulations required for cryo-EM and were found to remain infectious. The core of these 
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fibrils includes residue 95-227 - the entire canonical protease-resistant core of PrPSc. The 

structure has two domains - the N terminal and C terminal - linked by the β2α2 loop. 

 

Still, the question of what in the structure encodes for infectivity remains open. Speculation 

introduces many possible explanations, one being the large 133 residue core. However, the sheer 

size of the ordered core alone is insufficient to explain infectivity, as a recently determined 

structure of TDP-43 with 139 residues making up the core27 is not considered infectious. Likewise, 

much smaller prion cores generated from recombinant Y145Stop truncations with residues 112-

140 making up the ordered core have been shown to be infectious when injected intracerbrally11. 

These constructs were generated without the two glycosylation sites at residues 181 and 197, 

thus these infectious fibrils were unglycosylated and rule out incorporation of glycans as a sole 

cause of infectivity.  

 

The structure of 263K scrapie prions displays asymmetry at the poles of the fibril16. Each chain 

spans multiple layers allowing for interactions between i, i-1, and i-2 layers, but these types of 

multilayer interactions have also been shown for other amyloid structures27–30 and are also 

insufficient to explain the infectious nature of prions on their own. The 263K scrapie prions also 

included a GPI anchor which is hypothesized to interact with cell membranes to induce membrane 

spiraling16, but this behavior cannot explain how GPI anchorless prion strains are also 

infectious11,31,32. One such strain, the anchorless Rocky Mountain Lab (aRML) mouse prion strain 

lacks a GPI anchor and N-linked glycans. The structure formed by aRML prions isolated from 

mouse brain also harbors a large cross section that appears to be composed of a single 

protofilament16, but the ability to trace a chain with certainty remains just out of reach, preventing 

a detailed comparison between this strain and others at the residue level.   
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The surface of 263K prions is unusually polar with a large number of unbalanced positive charges 

on the N terminal half of the fibril and unbalanced negative charges on the C terminal half of the 

fibril. The protein is folded in such a way that one face of the fibril carries a net positive charge 

while the other face carries a net negative charge. While unbalanced charges are not uncommon 

for brain-derived amyloids33–36, observations of each face of a fibril carrying a net negative or net 

positive charge have been largely confined to systemic amyloids37,38 and have all been less 

extreme than the polarity seen in 263K prions and this feature may set this structure apart from 

other amyloids.  

 

Lastly, 263K prions are asymmetric and composed of two core modules made from the N and C 

terminal halves of the protein. Each half is capable of making fibrils on its own with hairpin 

structures similar to those seen in 263K prions at the core12,14,16. A modular core like this where 

each half of the protein can form its own core has been proposed for FUS39,40, but thus far both 

cores have not been shown to exist concurrently as in 263K prions. Likewise, fibrils of the low 

complexity domain of TDP-43 also appear to have a two module core27 where the N terminal half 

has been shown to form fibrils on its own30. The modular cores of TDP-43 and FUS in combination 

with the infectious nature of prion truncations lacking the C terminal module illustrate that a multi 

module core is also an incomplete explanation for the infectious properties seen in prions. Without 

more structures from both known infectious and tested and shown to be noninfectious prion 

aggregates, a definitive explanation for what makes a structure infectious cannot be put forward. 

It is also possible that no single factor described above can engender the binary declaration of 

infectivity on it’s own, and infectivity is better described as a spectrum with many contributing 

factors. Describing infectivity as a spectrum rather than a binary characteristic is supported by the 

range of transmissibility observed for different prion diseases.  

 

The Two Core Hypothesis: Implications for Strains  



 163 

 

It is well established that different prion strains take on different biophysical properties that 

manifest as different clinical, pathological, and transmission related behaviors41. It is to be 

expected, therefore, that each human or animal prion disease strain may be associated with a 

unique structural fingerprint. This fingerprint may be modified by regions such as the β2α2 loop, 

a segment that varies between species, is highly amyloidogenic, and found at the interface of the 

two core modules comprising 263K scrapie prions16. The bank vole β2α2 loop structure presented 

in chapter 1 showed a core prone to forming stable fibrils regardless of growth conditions5. This 

β2α2 loop sequence is shared between bank voles and hamsters, and it is easy to understand 

why such a segment would serve as a glue holding together N and C terminal prion cores in a 

fibril. In chapter 2, I showed that the amyloid formed by the β2α2 loop is not equally stable for all 

species, and thus fibrils with different loop sequences are unlikely to take on the same 

arrangement as 263K prions under the same physiological conditions, even when mutation would 

not introduce steric clashes.  

 

Like the tau structures with different isoform compositions isolated from patients with different 

diseases42,43, different forms of the PrP are also likely incorporated into fibrils in a selective 

manner. Un-, mono-, and di-glycosylated PrP species are known to be present in different ratios 

in different disease strains44. Prion strains with and without the GPI anchor as well as those with 

a Y145Stop truncation are also known to have different behavior even when no other 

modifications to the protein are present. The number of strains - and possible structures - is 

compounded by the number of species susceptible to prion disease as well as familial variants 

with alterations to PrP sequence.  

 

In summary, a tremendous amount of progress has been made in determining prion structures 

during the course of this dissertation. It remains to be seen what in a structure encodes for 
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infectivity, but the answer may come soon with technological advancements allowing for atomic 

structures of prion strains to come to light. Challenges in how different structures induce different 

diseases, mechanism of spontaneous misfolding, and mechanisms of transmission are all 

outstanding questions that stand to benefit from the herculean efforts currently being made in 

prion structural biology.  
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Table 1: All protein constructs  

Plasmid 
Short Name 

Construct Parent 
Plasmid 

Plasmid 
Resistanc
e 

Prion Protein 
Length 
(Residues) 

Sequence
d 

Expresse
d 

Purified Fibrils 
Forme
d 

Cryo 
Screening 
Pursued 

HuPrP13 His-MBP-TEV-HuPrP94-178 # Amp 85 Y Y Y   
HuPrP14 NoTag-HuPrP94-178 p4995* Kan 85 Y Y Y Y Y 
HuPrP15 NoTag-HuPrP94-178_M129V p4995 Kan 85 Y Y Y Y  
HuPrP16 NoTag-HuPrP94-178_ p4995 Kan 85      
HuPrP17 NoTag-HuPrP94-178_A117V p4995 Kan 85      
HuPrP18 Notag-HuPrP94-178_G127V p4995 Kan 85 Y Y Y Y Y 
HuPrP19 NoTag-HuPrP82-178_G114V_M129V p4995 Kan 97 Y Y Y Y  
HuPrP20 NoTag_HuPrP82-

178_A117V_M129V 
pET24a+ Kan 97 Y Y Y   

HuPrP21 NoTag_HuPrP82-178_P102L pET24a+ Kan 97 Y Y    
HuPrP22 NoTag_HuPrP82-178_P105L pET24a+ Kan 97 Y Y    
          
BvPrP13 His-MBP-TEV-BvPrP94-178 # Amp 85 Y     
BvPrP14 NoTag_BvPrP94-178 p4995 Kan 85 Y Y Y Y Y 
BvPrP15 NoTag_BvPrP94-178_N174T p4995 Kan 85 Y Y Y Y  
BvPrP16 NoTag_BvPrP94-178_N174S p4995 Kan 85 Y Y Y Y Y 
BvPrP17 NoTag_BvPrP94-178_Q168E_N170S p4995 Kan 85 Y Y Y Y Y 
BvPrP18 NoTag_BvPrP94-178_N170S p4995 Kan 85 Y Y Y Y  
BvPrP19 NoTag_BvPrP94-

178_N170Q_N174Q 
p4995 Kan 85 Y Y Y   

BvPrP20 NoTag_BvPrP94-178_N170S_N174S p4995 Kan 85 Y Y Y   
BvPrP21 MGSDKI-His-TEV-BvPrP23-230 pET24a+ Kan 208 Y Y Y Y  
          
ElkPrP13 His-MBP-TEV-ElkPrP94-178  Amp 85      
ElkPrP02 NoTag_ElkPrP94-178 p4995 Kan 85 Y Y Y Y Y 
          
RbPrP01 NoTag_RbPrP94-178 p4995 Kan 85 Y Y Y Y Y 
          
CowPrP01 NoTag_CowPrP94-178 p4995 Kan 85 Y Y Y Y  

#vectors inherited from Heather McFarlene of the Eisenberg lab with gblock (IDT) for HuPrP94-178 inserted between known cut sites after a His-MBP-TEV tag SacI and XhoI 
*p4995 is a custom pET24a+ derivative lacking purification or solubility tags generated at UCLA
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Summary 

Atomic resolution protein structures can be determined by MicroED from crystals that 

surpass the theoretical maximum thickness limit by an order of magnitude. 

 

 

 

 

Abstract 

Theoretical calculations suggest that crystals exceeding 100 nm thickness are excluded 

by dynamical scattering from successful structure determination using microcrystal 

electron diffraction (MicroED). These calculations are at odds with experimental results 

where MicroED structures have been determined from significantly thicker crystals. 

Here we systematically evaluate the influence of thickness on the accuracy of MicroED 

intensities and the ability to determine structures from protein crystals one micrometer 

thick. To do so, we compare ab initio structures of a human prion protein segment 

determined from thin crystals to those determined from crystals up to one micrometer 

thick. We also compare molecular replacement solutions from crystals of varying 

thickness for a larger globular protein, proteinase K. Our results indicate that structures 

can be reliably determined from crystals at least an order of magnitude thicker than 

previously suggested by simulation, opening the possibility for an even broader range of 

MicroED experiments. 
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Main Text 

Introduction 

Electrons interact with matter more strongly than X-rays and offer a larger fraction of 

useful, elastic scattering events to inelastic scattering events (1). These properties are 

leveraged by the cryoEM method, MicroED, for structure determination at atomic 

resolution from nanoscale protein crystals (2). With this method, diffraction is measured 

from protein nanocrystals in a frozen-hydrated state (3) using a low dose electron beam 

(typically ~0.01 e- Å -2 s-1) (4–6). Crystals are continuously and unidirectionally rotated in 

the beam while diffraction images are collected as a movie on a fast detector (7). A 

number of previously unknown as well as known structures have been determined by 

this method to atomic resolution (8). 

  

The strong interaction between electrons and materials also allows for multiple 

scattering events to take place before electrons exit the specimen (9). According to 

dynamical scattering theory (10), multiple scattering events produce inaccuracies in the 

recorded reflections, potentially preventing the solution of structures. Simulations 

suggest that with crystals thicker than 50-100 nm (11, 12) dynamical scattering can be 

severe, resulting in nearly random intensities, where the relationship between the 

intensity and structure factor no longer holds true (10). However, these simulations 

assume diffraction is recorded from a perfect and stationary crystal - real 

macromolecular crystals are not perfect. In fact, precession electron diffraction can 

avoid many of the artifacts associated with dynamical scattering from near perfect 

crystals of inorganic material by pivoting of the electron beam around the crystal (13). 
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Similarly, by employing continuous rotation MicroED (7), useful diffraction is routinely 

collected from protein crystals hundreds of nanometers thick (14). Even 1.5 μm-thick 

crystals of lysozyme were shown to produce diffraction that when integrated produced 

reasonable statistics (2). Moreover, recent structures determined by ab initio methods to 

1Å resolution further indicate that the diffraction intensities obtained by continuous 

rotation MicroED are accurate and maintain the relationship between amplitude and 

phase (4, 15). 

  

Here we systematically investigate the relationship between crystal thickness, 

dynamical scattering and the quality of structure solutions obtained by MicroED. We 

determine ab initio structures of a segment from the β2-⍺2 loop of human prion protein in 

the amyloid state as well as the structure of proteinase K by molecular replacement 

from crystals up to a micrometer thick. 

  

Results 

A comparison of structures determined from thin and thick crystals of a segment 

of the β2-α2 loop of human prion protein. As a model system for evaluating the 

effects of crystal thickness on diffraction intensities, we use a segment from the β2-⍺2 

loop of human prion protein (hPrP) that contains a glycine residue at its amino terminus 

(sequence GSNQNNF), hereafter referred to as hPrP-β2⍺2, for MicroED structure 

analysis from crystals that vary in thickness. The crystals of this segment appear as 

micrometer-long needles and vary in thickness from several nanometers to over a 

micrometer. Seven data sets originating from thin crystals were collected and combined 
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to yield a reference data set that was 80.3% complete in P1 with constants {a, b, c} (Å) 

= {4.86, 14.11, 18.41}, and angles {α, β, ɣ} (o) = {90.00, 93.71, 101.21}. A second data 

set was constructed from 7 thick crystals between 500 nanometers and one micrometer 

thick, that were combined to yield a 75.6% complete data set with the same space 

group and unit cell dimensions as above. Thin and thick crystal structures were 

determined ab initio by direct methods using SHELXT (16) (See SI Methods) and 

refined to atomic resolution using BUSTER-TNT (17) showing clear atomic density 

(Figure 1). Refinement statistics for hPrP-β2⍺2 are presented in Table 1.  

 

The structure of hPrP-β2⍺2 represents a prion protofilament with amyloid features. The 

protofilament is a class 2 steric zipper, composed of parallel, face-to-back beta sheets 

(18). One pair of sheets makes the protofilament, as observed with other amyloid 

structures (15, 18). At this resolution, the density shows hydrogen atoms as well as the 

presence of zinc and acetate ions that facilitate crystallographic contacts; both were 

present in the crystallization condition (Figure 1). Structures from both thick and thin 

crystals show clear densities for waters in the 2Fo-Fc map and have multiple hydrogens 

appearing in the Fo-Fc density at the 3 σ level (Figure 1). The appearance of resolvable 

hydrogens in electron diffraction was first reported for proteins by Rodriguez et al. (15) 

and later by Palatinus (19) for small molecules. Our ab initio solutions from thin and 

thick crystals are very similar, with a backbone RMSD of 0.07 Å and an all-atom RMSD 

of 0.09 Å (Figure 1). In summary, we found no significant differences between 

structures determined from thin and thick crystals of hPrP-β2⍺2. 
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A comparison of structures determined from thin and thick crystals of a globular 

protein. We collected MicroED data from single ~500 nm and ~1 µm-thick crystals of 

proteinase K (SI Figure 2, SI Figure 3) and determined structures from each. 

Reflections were recorded to a resolution of 1.8 Å in both cases yielding 97% 

completeness for the 500nm crystal and 79.7% completeness for the 1 µm thick crystal. 

Data were reduced in XDS (20) and phased by molecular replacement using the atomic 

coordinates of PDBID 5i9s as a search model (21). Structures were refined using 

phenix.refine (22) with a high-resolution cutoff of 2.0 Å and 3.0 Å, respectively (Table 1; 

Figure 2). As the single, ~1 micrometer thick crystal structure had poor statistics, its 

data were merged with data gathered from three additional crystals of proteinase K; 

each of these also ~1 µm thick (SI Figure 4, SI Figure 5). The structure from the four 

combined data sets was determined again using the same search model now to a 

resolution of 2.5 Å with better overall statistics (Table 1, Figure 2). A comparison of the 

resulting structures with the molecular replacement search model indicate good 

agreement with lower than 0.25Å all atom RMSD. In summary, we found no significant 

differences between structures determined from thin and thick crystals of proteinase K. 

  

Systematic study of the effects of crystal thickness on MicroED data quality. 

Diffraction was measured from 19 crystals of hPrP-β2⍺2 with thicknesses ranging from 

~100 nm to ~1100 nm over similarly-sized wedges of reciprocal space corresponding to 

a real-space angular range of approximately -30o to +30o (SI Table 1). Data for all 

comparisons was indexed and integrated using XDS (20). Estimation of crystal 

thickness is discussed at length in SI Materials. Briefly, average crystal thickness is 
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estimated by measuring the projected area from images recorded at 0o and 60o tilt, and 

the aspect ratio fit to an idealized model. These geometrical estimates were 

corroborated by intensity ratios using camera counts as previously described (14, 23) 

and are in good agreement (Si Figure 6).  Crystal images are presented in SI 

Document 2. To assess the quality of diffraction data, we compare R values (Rmeas), 

the ratio of intensity to variance (I/σI), and the half-set correlation coefficient (CC1/2). All 

measured data values and statistics are presented in SI Table 1. Measured R values for 

these 19 crystals show a mean value of 13.03% with a standard deviation of 2.4%; 

average I/σI values average 4.1 with a standard deviation of 0.91. The half-set 

correlation coefficient is on average 98.2% with a standard deviation of 1.4%. The 

structure factor amplitudes for these 19 crystals were compared to the hPrP-β2⍺2 

structure solution from thin crystals discussed above. The correlation coefficient 

between the solved model and the individual crystals is shown in Figure-2D as CCmodel 

(Figure 3; SI Table 1). 

  

Absorption by protein crystals. The data presented above indicates that dynamical 

scattering does not inhibit structure solution by MicroED even from micrometer thick 

crystals when data is collected by continuous rotation. However, we note that the 

achievable resolution was lower from thick crystals compared to thin crystals (Figure 

1,2 and Table 1). To evaluate whether absorption from thick crystals is limiting the 

achievable resolution, we recorded electron energy loss spectroscopy (EELS) spectra 

from 11 crystals of hPrP-β2⍺2 and 10 crystals of proteinase K with thicknesses ranging 

from ~100 nm to ~1400 nm at 300kV (Figure 4). Control spectra were recorded from 
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regions of empty carbon support or within grid holes (SI Document 3). Each image was 

aligned by principal component analysis and a line scan through the zero-loss peak was 

measured along the first principal component. Intensities for the zero-loss peaks show 

expected exponential decay (9). A significant energy loss was observed for the carbon 

support alone with transmitted beam intensity decreasing by more than 40% (SI 

Document 3). An exponential fit to the data (Figure 4) suggests that the attenuation 

length, or (1/e) loss of intensity, due to a carbon film would be ~87 nm at 300kV. 

However, the (1/e) loss from crystals of proteinase K and hPrP-β2⍺2 are 261 nm and 

323nm, respectively, at 300kV. Our estimates of the actual carbon thickness are about 

45nm using intensity ratios (SI Figure 6), in good agreement with previous findings on 

these grids (24). Thus even after accounting for the carbon film support, our estimates 

are very close to the mean free path of water at 300kV, found experimentally to be 

336nm (25, 26). This data suggests that even a three-fold decrease in intensity due to 

absorption is insufficient to prohibit structure solutions by MicroED for micrometer thick 

macromolecular crystals at 300kV; the achievable resolution drops quickly near or 

beyond this thickness limit. 

  

Discussion 

These data indicate that accurate data can be collected and structures can be reliably 

determined by MicroED from crystals an order of magnitude thicker than previously 

expected. Simulations have suggested that structure determination by MicroED would 

be inhibited by dynamical scattering events from crystals only ~50-100nm thick (11, 27). 

Here we show that protein structure solutions can be obtained from substantially thicker 
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crystals than simulated limits suggest for both globular proteins and peptides using both 

molecular replacement and ab initio methods, respectively. 

  

High quality structure solutions can be obtained for both hPrP-β2⍺2 and proteinase K 

regardless of data originating from thin crystals or crystals nearly one micrometer thick. 

Clear atomic density in the 2Fo-Fc map of hPrP-β2⍺2 reveals hydrogen atoms and the 

presence of zinc and acetate ligands as well as ordered water molecules. Multiple 

hydrogens are apparent in the Fo-Fc density at the 3 σ level (Figure 1). Likewise, the 

density for proteinase K is of high quality with well-defined density in both the σ-

weighted difference maps and the SA composite omit maps for data obtained from thin 

(<200nm), intermediate (~500nm) and thick (>1000nm) crystals. Thickness does not 

prevent data collection, integration, or structure determination from these crystals. 

  

The initial structure solution for proteinase K determined by MicroED (5i9s) was refined 

to a resolution of 1.75 Å from merged data of four thin crystals (20). Our present models 

from single crystals of ~500nm and ~1000nm thickness are determined to 2 Å and 3Å 

resolution, respectively. We credit this difference in resolution to increased absorption 

as demonstrated by our EELS analyses from thicker crystals. Together these results 

indicate that the achievable resolution can be limited by thick specimens. However, 

merging data from multiple thick crystals yielded in improved statistics and therefore 

improved resolution, indicating that absorption phenomena can be overcome to some 

extent by increased redundancy in measurements. Thicker protein crystals are 

ultimately limited in resolution by absorption. 
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Why the discrepancy between the experimental data presented here and the limits 

found in previous simulations? The inherent difficulty of performing simulations requires 

assumptions of experimental conditions that fail to capture the complexity of MicroED 

experiments. Specifically, simulations assume that crystals are perfect, all the electrons 

are scattered and data is recorded from stationary crystals from major zone axes (11, 

28). These conditions are often encountered in crystals of small molecules such as 

inorganic compounds in material science and from two-dimensional (2D) protein 

crystals, but are rarely encountered in macromolecular crystallography using 3D protein 

crystals and MicroED protocols (29). Crystals of macromolecules are highly mosaic 

compared with those of simple organic compounds or inorganic crystals. 

Macromolecular crystals are imperfect and bent at the nanoscale. MicroED data from 

highly mosaic crystals benefits from their disorder in analogy to the pivoting of an 

electron beam in precession electron diffraction. Moreover, MicroED data is collected by 

continuous rotation so integration over the rocking curve further curbs dynamical 

effects. Our results confirm that dynamic scattering is not a major problem in solving 

protein crystal structures, and that dynamic scattering effects do not increase linearly 

with crystal thickness. However, the question of why significant artifacts are not 

observed from multiple scattering still remains, and requires further study. 

  

The fact that multiple scattering artifacts do not limit structure determination in MicroED 

is especially surprising for crystals thicker than ~300nm, where the crystalline thickness 

easily exceeds the mean free path of an electron at either 200 or 300kV (Figure 4) (25, 
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26, 30). For these crystals, few electrons are transmitted through the crystal without any 

interaction with the specimen. At very high thicknesses the diffraction spots begin to 

widen due to energy loss. Larger spots make crystals with many atoms per unit cell 

difficult to measure and may give poor statistics as a large fraction of scattering will be 

reduced by absorption. Integrating large broadened spots from crystals with large unit 

cells may result in spot-overlap and other complications that may limit the achievable 

resolution; we have yet to encounter this problem. The largest protein determined to 

date by MicroED is catalase at ~240kDa and even with such a large unit cell and peak 

broadening, spot overlap was not observed and did not hinder structure determination 

(14).  While broadening of diffraction spots can be curbed using an energy filter, this 

comes at the cost of reducing the transmitted signal. Nonetheless, use of an energy 

filter could improve signal to noise in MicroED experiments and the influence of thick 

crystals with large unit cells on diffraction quality remains to be further investigated.  

 

In determining protein structures from crystals up to 1 micrometer in thickness using 

both ab initio phase retrieval and molecular replacement, we demonstrate that MicroED 

experiments are ultimately limited by absorption effects and crystal quality. At present, 

we estimate crystals ~500nm or thinner maximize data quality (~2x mean free path for 

200kv), but structures from thicker crystals are not necessarily precluded. In fact, our 

results from even thicker crystals provides confidence that observed diffraction can be 

free of multiple scattering artifacts in a typical continuous rotation MicroED experiment, 

even from micrometer thick protein crystals. 
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Concluding Remarks 

We demonstrate that MicroED yields accurate diffraction intensities, and that structures 

can be determined by molecular replacement or ab initio methods from protein crystals 

much thicker than previously suggested. Our data demonstrates that, as with X-ray 

diffraction, dynamical scattering is not a prohibitive source of error when MicroED data 

is collected on protein crystals by continuous rotation. Instead, absorption phenomena 

limit the achievable resolution in a way that can be curbed by merging multiple data 

sets. We suggest a stringent upper bound on crystal thickness of about one micrometer 

on MicroED experiments and a soft upper bound of about 500nm to ensure high-quality 

diffraction with the best possible resolution; these limits are not imposed by dynamical 

scattering, but instead by absorption. Our study expands the usefulness of MicroED as 

a general method for structure determination to atomic resolution from specimens up to 

a micrometer thick, opening new avenues of research that may broadly impact 

structural biology. 

Materials and Methods 

Protein preparation. hPrP-β2⍺2 with greater than 98% purity was purchased from 

Genscript, dissolved in water at 10-20mg/ml and screened by the hanging drop method 

in a high throughput screen. Initial hits were optimized in 24-well hanging drop trays. 

The best crystals were observed in a condition containing 10% (w/v) PEG-8000; 0.1M 

MES pH 6.0; Zn(OAc)2. This condition was used as the basis for a batch crystallization 

of the peptide at 10 mg/ml at a 1:1 ratio of peptide solution to mother liquor. In this 

condition, crystals grew as needle clusters that could be broken by force of pipetting 

and applied to grids for cryopreservation. Proteinase K (E. Album) was purchased from 
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Sigma and used without further purification. Crystals were grown by adding 5 µL of 

protein solution (50 mg/ml) to 5 µL of precipitant solution (1.5 M ammonium sulfate, 0.1 

M Tris pH 8.0) in a sitting drop vapor diffusion tray. Large proteinase crystals were 

collected from sitting drops and sonicated into smaller crystals as previously described 

(4). 

  

MicroED data collection. MicroED data was collected for 19 crystals of the peptide 

hPrP-β2⍺2 (Gly-Ser-Asn-Gln-Asn-Asn-Phe) of varying thickness over the real space 

wedge corresponding to -30o to +30o under continuous rotation. All MicroED 

experiments were performed on an FEI Tecnai F20 microscope at an accelerating 

voltage of 200 kV, corresponding to a wavelength of 0.0251 Å. Data was collected using 

a constant rotation rate of 0.2o s-1 on a TVIPS TemCam-F416 CMOS detector in rolling-

shutter mode with 5 s exposures. Beam intensity for all hPrP-β2⍺2 crystals was 

constant with an average dose rate of 0.003 e- Å -1 sec-1, or an overall exposure of ~1 e- 

Å-2. Proteinase K crystals were collected at a dose rate of 0.01 e- Å -1 sec-1 with an 

overall total dose per crystal of less than 3 e- Å-2. hPrP-β2⍺2 samples maintained a 

camera length of 0.730 m equivalent to a sample–detector distance of 1.313 m in a 

corresponding lens less system. Proteinase K data were collected at a camera length of 

1.2m, corresponding to a detector distance of 2.200m. Diffraction data were collected 

through a circular selected area aperture of 1 μm2 in projection to reduce background 

noise. All TEM measurements were done at liquid nitrogen temperatures (~77 K). 
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Determination of Crystal Thickness. Crystal thickness was assessed in two ways: 

geometrical measurement and by using counts on the camera. First, Average crystal 

thickness was initially estimated geometrically by examining the projected area of each 

crystal from images taken at 0o, 15o, 30o, 45o, and 60o using the pixel length calibration 

from the known grid hole size of either 1 or 2 µm in ImageJ (NIH). Crystals of hPrP-

β2⍺2 were all rod-shaped and assumed to be ellipsoidal rods. Tilt series assessed the 

aspect ratio of the major (a) and minor (b) axis at each angle, with a known length of 2a 

being the rod width measured at 0o. The average thickness of a crystal is then π/4 = 

~0.785% of the maximum thickness, 2b, perpendicular to the film. Proteinase K crystals 

were assumed to be cuboids with edge lengths w, l, h. Edge lengths of w and l were 

found from the 0o images and the h edge was estimated by the change in projected 

area of the crystal over a fixed length along the x and y axis. The average thickness of 

these crystals was assumed to be equal to the estimation of the h edge. Measurement 

accuracy was between 5 and 10 nm, the average variance for each crystal was ~20%, 

and the standard deviation between intensity and geometry estimations was ~100nm. 

Second, The geometrical approximation of crystal thickness above was validated by 

using intensity ratios as previously described (2, 14, 26). Each crystal from the hPrP-

β2⍺2 set in Figure-3/SI Document 2 at 0o were identified at 0o. Each crystal had an 

area selected from the portion of the crystal collected upon where the median intensity 

transmitted was calculated. The same area was then used to calculate the median 

intensity for the nearest clean carbon area and nearest empty grid hole for comparison. 

The crystal thickness was estimated by first estimating the carbon thickness using the 

formula given in Feja & Aebi (26) assuming all missing intensity was lost due to energy 
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loss signals and the incident maximum intensity was that of the beam intensity in a grid 

hole. The mean free path of the amorphous carbon was calculated using the average 

energy loss of carbon being 14.1 eV derived from the formula given in (26), with Z=6, 

corresponding to a mean free path of 125nm at 200kV. This gave a consistent value of 

the carbon thickness being approximately 45nm with a standard deviation of 7nm. The 

crystal thickness is then calculated by subtracting the contribution of the carbon using 

the same equation with a mean free path of 242nm, calculated by scaling the value of 

203nm mean free path of vitreous ice given by Grimm et al. at 120kV (25, 30). Our two 

measures were found to have a standard deviation of approximately 100nm. The 

correlation coefficient between the two measures was found to be 89%. This suggests 

our geometrical measurements are accurate within 25% of our listed values. The 

correlation plot and deviations from these intensity measures are given in SI Figure 6.  

  

Absorption Experiments. Energy spectra were collected on a JEOL JEM-3200FSC 

microscope at 300 kV with a 500 nm2 aperture in projection and total dose of 0.1 e- Å-2. 

Spectra were collected on a TVIPS TemCam-F416 CMOS detector at full resolution in 

normal (integration) mode and saved as 16-bit signed integer TIFF files. Spectra were 

scaled in ImageJ to the known 100 eV μm-1 energy filter spacing and 15.6 μm pixel size. 

Individual images were loaded into Mathematica and aligned with their principal 

component along the horizontal axis – typically resulting in a 6.7o clockwise rotation. 

Line scans of width 1 pixel were selected through the zero-loss peak along the principal 

loss axis, and shifted such that their peak intensities were located at an energy loss of 0 

eV. Thickness for crystals used in spectra were determined as described above. Zero-
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loss peaks were fit to a general Gaussian model of I=a*e-b(x-c)2 to determine peak 

maxima and integrated peak intensity. Data points were weighted by the square root of 

their intensities for the fitting to assure proper solutions. Zero-loss peak intensity was fit 

to a general exponential decay model with the intercept fixed to the normalized value of 

the vacuum peak as in Figure-4. Exponential fits to the experimental data for the 

carbon film, proteinase K, and hPrP-β2⍺2 protein crystals resulted in R2 residuals of 1.0, 

0.85, and 0.88, respectively. 

  

MicroED Data Processing. Diffraction movies were converted to the SMV file format 

using TVIPS tools (31) and checked for pixel truncation as previously described (21). 

Indexing and integration were performed in XDS (20, 32). Integrated diffraction 

intensities were sorted and merged in XSCALE. Merged intensities were converted to 

amplitudes and the files formatted to SHELX format in XDSCONV. Thick and thin hPrP-

β2⍺2 were solved using SHELXT, placing all of the atoms in the unit cell correctly (33). 

SHELXT supported the hypothesis of P1 crystallographic symmetry (16). Intensities for 

proteinase K were input directly from XSCALE into Phaser for molecular replacement 

(34). Molecular replacement was successful with a LLG > 1000 and a TFZ > 20 using 

the model 5i9s. Refinement was carried out using phenix.refine (22). Individual models 

were adjusted manually in Coot (35) by visual inspection of the atomic model against 

the Fo-Fc and 2Fo-Fc maps. All-atom composite omit maps with simulated annealing 

were calculated in Phenix (22). 
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Models and Figures. Figures were generated in either PyMol or VMD (36, 37). Plots 

and fits to data such as EELS spectra were created in Mathematica using nonlinear 

model fits to the data. Backbone RMSDs were calculated in VMD. All atom RMSD 

values were generated by the align command in PyMol. 
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Table and Figure Legends 

Table-1: Data Collection and Refinement Statistics. 

  

Figure-1: Structural comparison of hPrP-β2⍺2 from thin and thick crystals by 

direct methods (A) Structural model for hPrP-β2⍺2 solved from typically <200 nm 

crystals (B) from a set of crystals with average thicknesses >1 μm. 2mFo-DFc and mFo-

DFc density maps are contoured at 1.5 σ and 3 σ levels, respectively. Positive hydrogen 

densities for both solutions are visible in A and B in green and are designed by orange 

arrows. (C) Ab initio solutions from both normal (yellow) and >1 μm (blue) peptide 

crystals. (D) Final structural model of hPrP-β2⍺2. 

  

Figure-2: Structural comparison of globular proteins determined from thin, 

intermediate and thick crystals. Proteinase K sidechain density and corresponding 

structure solution from (A) thin ~200nm crystals (PDBID 5I9S)(20), (B) a single 600 nm-

thick crystal, (C) a single 1000 nm-thick crystal, and (D) four crystals thicker than 1000 

nm. All 2Fo-Fc density maps are contoured at the 1.5σ level for residues 226-240 shown 

as a grey mesh. (E) All structure solutions of proteinase K overlaid for comparison. 

Overlaid colors correspond to individual colored structures. 
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Figure-3: Measurements from hPrP-β2⍺2 crystals of variable thickness. (A) Mean 

I/ σI values, (B) Measured, expected R values and their difference, Rdiff, (C) internal half 

set correlation coefficient, and (D) the correlation of the measured structure factors to 

the solved thin crystal model, or CCsolved. Mean values are depicted by solid lines. The 

dotted black line corresponds to the maximum reported limit from simulations (10). 

  

Figure-4: Observed transmission from crystals of various thicknesses. Peak 

intensities of the electron energy loss spectroscopy (EELS) spectra obtained from both 

hPrP-β2⍺2 (blue) and proteinase K (orange) crystals. Black dots correspond to the 

recorded vacuum intensity and the carbon film. Exponential decay models are 

presented as dashed lines coordinated to the sample color. The thickness limit for 

MicroED experiments suggested by simulatins is given as a dashed horizontal line (10). 

  

SI-Table-1: MicroED diffraction data from hPrP-β2⍺2 crystals of various thicknesses. 

  

SI-Figure-1: (A) Thick crystals used to solve the thick hPrP-β2⍺2 structure. (B) 

Structure solution of hPrP-β2⍺2 solved from 7 crystals with average thickness >1 μm. 

Colors show individually measured angular ranges between -65 and -63 degrees with 

corresponding crystals having matching border colors. Grey regions correspond to the 

angular wedge not measured and (orange) showing the region available for 

measurement. Scale bars correspond to 2 μm. 
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SI-Figure-2: (A) Single 500 nm crystal used to solve the proteinase K structure at 

marked angles and locations. (B) Corresponding structure solution model. Measurable 

data after inclusion of symmetry (orange) and recorded angular range (blue) from the 

crystal. Grey angular regions depict ranges not measured. Scale bars correspond to 2 

μm. 

  

SI-Figure-3: (A) Single 1 μm crystal used to solve the proteinase K structure at marked 

angles and locations. (B) Corresponding structure solution model. Measurable data 

after inclusion of symmetry (orange) and recorded angular range (blue) from the crystal. 

Grey angular regions depict ranges not measured. Scale bars correspond to 2 μm. 

  

SI-Figure-4: (A) Four >1 μm crystals used to solve the proteinase K structure at marked 

angles and locations. (B) Corresponding structure solution model. Measurable data 

after inclusion of symmetry (orange) and recorded angular range (blue) from the crystal. 

Grey angular regions depict ranges not measured. Scale bars correspond to 2 μm. 

  

SI-Figure-5: 2mFo-DFc and all-atom SA composite omit potential maps with 

corresponding structural model for proteinase K from (A) four thin crystals, (B) a single 

600 nm, (C) a single 1 μm, and (D) four merged crystals >1 μm thick. 2Fo-Fc potential 

maps are contoured at the 1.5σ level with a 2 Å curve. 

  

SI-Figure-6: Crystal thickness estimation. (A) Comparison between the geometrically 

measured thickness (orange) and the thickness estimate from the Beer-Lambert Law 
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(Grey), and the calculated carbon thickness from the Beer-Lambert calculation (Blue). 

(B) Correlation between the two types of measures of crystal thickness. 

  

SI-Document-2: Peptide tilt angle images (diffraction data crystals) - PDF 

SI-Document-3: EELS data (crystals, spectra, and fits) - PDF 
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hPrP-β2⍺2	 Thick hPrP-β2⍺2 Proteinase K Proteinase K
(Intermediate Thickness)

Proteinase K
(>1µm, single crystal)

Proteinase K
(>1µm, multiple crystals)

Wavelength (�) 0.0251 0.0251 0.0251 0.0251 0.0251 0.0251
Resolution range (�) 7.608 - 1.001 (1.037 - 1.001) 14.03 - 1.011 (1.047 - 1.011) 19.62 - 1.75 (1.813 - 1.75) 19.39  - 2.0 (2.072  - 2.0) 22.16 - 3.001 (3.108 - 3.001) 22.61  - 2.5 (2.589  - 2.5)

Space group (#) P 1 (1) P 1 (1) P 43 21 2 (96) P 43 21 2 (96) P 43 21 2 (96) P 43 21 2 (96)
Unit cell

a, b, c (�)
⍺, β, ɣ (o)

4.86 14.11 18.41 
90 93.71 101.21

14.34 4.89 17.8 
94.96 91.02 101.82

67.32 67.32 101.01 
90 90 90

67.21 67.21 100.59 
90 90 90

68.09 68.09 102.13 
90 90 90

67.5 67.5 102.41 
90 90 90

Total reflections 12907 (524) 8654 (307) 104808 (5429) 57404 (4205) 20317 (1505) 78690 (5656)
Unique reflections 2072 (171) 1869 (141) 22698 (2256) 15756 (1543) 4135 (294) 8627 (828)

Multiplicity 6.2 (4.2) 4.6 (3.2) 4.6 (4.4) 3.6 (3.6) 4.9 (5.1) 9.1 (9.2)
Completeness (%) 80.29 (69.08) 75.90 (60.00) 94.02 (94.14) 97.18 (97.60) 79.70 (81.82) 99.41 (99.64)
Mean I/sigma(I) 5.05 (2.25) 4.64 (1.65) 3.1 (1.0) 3.0 (0.87) 2.20 (0.92) 4.83 (2.39)
Wilson B-factor 4.38 6.55 11.77 24.23 39.66 17.86

R-merge 0.238 (0.43) 0.233 (0.474) 0.458 (1.989) 0.294 (1.28) 0.551 (1.47) 0.414 (0.960)
R-meas 0.257 (0.485) 0.258 (0.552) 0.516 (2.258) 0.347 (1.51) 0.617 (1.63) 0.44 (0.97)
CC1/2 0.98 (0.86) 0.979 (0.489) 0.929 (0.112) 0.972 (0.289) 0.883 (0.316) 0.939 (0.484)

Reflections used in refinement 2072 (172) 1869 (141) 22670 (2235) 15756 (1544) 4135 (414) 8627 (828)
Reflections used for R-free 207 (17) 180 (12) 1476 (146) 788 (77) 207 (20) 431 (41)

R-work 0.1984 (0.2067) 0.1925 (0.2102) 0.217 (0.348) 0.2218 (0.3112) 0.1987 (0.3059) 0.2085 (0.2858)
R-free 0.2382 (0.222) 0.2523 (0.2920) 0.266 (0.418) 0.2508 (0.3390) 0.2497 (0.4124) 0.2612 (0.4195)

Number of non-hydrogen atoms 66 63 2170 2130 2037 2090
macromolecules 55 55 2027 2027 2027 2027

ligands 5 5 10 10 10 10
solvent 6 3 133 93 0 53

Protein residues 7 7 281 281 281 281
RMS (bonds) 0.014 0.013 0.003 0.004 0.005 0.003
RMS (angles) 1.82 1.69 0.57 0.74 0.92 0.7

Ramachandran favored (%) 100 100 97.11 97.11 97.11 97.11
Ramachandran allowed (%) 0 0 2.53 2.53 2.53 2.53
Ramachandran outliers (%) 0 0 0.36 0.36 0.36 0.36

Rotamer outliers (%) 0 0 0 0 0.94 0
Clashscore 0 0 4.54 4.81 3.29 2.28

Average B-factor 5.85 6.78 11.49 23.19 25.12 12.61
macromolecules 4.76 6.05 11.19 23.28 25.15 12.75

ligands 7.48 9.69 29.54 27.28 19.83 16.75
solvent 14.52 15.18 14.63 20.75 0 6.39
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hPrP-β2⍺2 structure hPrP-β2⍺2 structure from thick crystals

Figure-1
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Mean 
Thickness 

(nm)
# Observed # Unique # Possible Completeness Robserved Rexpected # Compared I/σI Rmeasured CC1/2 CCmodel Rdifference Crystal #

91 1420 771 2625 0.29 0.08 0.09 1298.00 4.78 0.11 98.90 95.80 0.03 18

106 921 518 2490 0.21 0.10 0.11 806.00 2.79 0.15 99.30 83.70 0.03 11

145 1311 720 2391 0.30 0.10 0.11 1182.00 3.37 0.14 98.60 90.00 0.02 7

150 1031 584 2622 0.22 0.11 0.12 894.00 3.14 0.15 98.40 88.10 0.03 20

155 1266 676 2544 0.27 0.10 0.13 1180.00 3.46 0.14 98.30 89.00 0.02 12

209 1390 747 2596 0.29 0.08 0.11 1286.00 3.82 0.11 99.20 95.20 0.01 5

217 1313 700 2582 0.27 0.11 0.12 1226.00 2.19 0.16 98.20 90.70 0.03 13

223 1396 767 2566 0.30 0.10 0.11 1258.00 3.67 0.14 97.50 93.20 0.03 8

225 1280 690 2587 0.27 0.10 0.11 1180.00 4.07 0.14 98.00 71.80 0.03 3

277 1415 775 2585 0.30 0.08 0.08 1280.00 5.74 0.11 98.30 97.10 0.03 21

291 942 572 2543 0.23 0.06 0.07 740.00 3.59 0.09 99.60 80.80 0.02 14

360 1471 790 2624 0.30 0.08 0.09 1362.00 4.97 0.11 98.10 96.00 0.03 9

372 1419 769 2526 0.30 0.10 0.12 1300.00 3.83 0.14 98.50 93.00 0.02 17

437 1351 725 2526 0.29 0.09 0.10 1252.00 4.04 0.13 98.00 92.30 0.03 10

481 1280 689 2665 0.26 0.06 0.08 1182.00 5.54 0.09 99.40 85.60 0.01 1

578 1505 816 2644 0.31 0.09 0.11 1378.00 4.05 0.13 98.30 94.60 0.02 16

664 1504 796 2554 0.31 0.07 0.08 1416.00 5.34 0.11 98.80 93.70 0.02 2

1012 1157 597 2593 0.23 0.10 0.11 1060.00 3.77 0.14 96.80 91.50 0.03 15

1107 686 378 2180 0.17 0.13 0.13 616.00 3.99 0.19 93.20 77.70 0.06 19

SI-Table-1

SI-Table-1: MicroED parameters for individual hPrP-β2⍺2 crystals
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SI-Figure-3
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SI-Figure-5
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SI-Document-2:	Peptide	tilt	angle	images	(diffraction	data	crystals)	- PDF

SI-Document-3:	EELS	Data	(images	and	fits)	- PDF
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SUMMARY

Micro-crystal electron diffraction (MicroED) com-
bines the efficiency of electron scattering with
diffraction to allow structure determination from
nano-sized crystalline samples in cryoelectron mi-
croscopy (cryo-EM). It has been used to solve struc-
tures of a diverse set of biomolecules and materials,
in some cases to sub-atomic resolution. However, lit-
tle is known about the damaging effects of the elec-
tron beam on samples during such measurements.
We assess global and site-specific damage from
electron radiation on nanocrystals of proteinase K
and of a prion hepta-peptide and find that the dy-
namics of electron-induced damage follow well-es-
tablished trends observed in X-ray crystallography.
Metal ions are perturbed, disulfide bonds are broken,
and acidic side chains are decarboxylated while
the diffracted intensities decay exponentially with
increasing exposure. A better understanding of radi-
ation damage in MicroED improves our assessment
and processing of all types of cryo-EM data.

INTRODUCTION

Structure determination relies on interpreting the outcome of
interactions of a beam of quanta with a sample. Most quanta
pass through samples without any interaction at all (Henderson,
1995). Other quanta scatter either elastically, whereby they
interact with the sample without losing any energy, or inelasti-
cally by depositing part of their energy to the sample. In a con-
ventional diffraction measurement, the information that can be
gained increaseswith the number of elastically scattered quanta.
Inelastic scattering events manifest as damage, introduce noise,
and ultimately limit the signal that can be extracted from the
sample.
The success of crystallographic structure determination de-

pends on the ratio of elastic to inelastic scattering events
(Nave andHill, 2005). While this ratio is greater in electron diffrac-

tion than in X-ray diffraction (Henderson, 1995), a single incident
electron carries sufficient energy to knock out several electrons
from an atom in an inelastic scattering event. These ejected, sec-
ondary electrons and their associated Auger electrons are mo-
bile even at 77 K (Jones et al., 1987), and can, depending on
the chemical composition of the sample and its surrounding
mother liquor, cause additional ionization and excitation events
in the crystal (Garman, 2010). Further damage from thermal diffu-
sion of atomic and molecular radicals produced by these ioniza-
tion events is curbed by keeping the sample at cryogenic tem-
peratures, where diffusion is limited (Henderson and Unwin,
1975; Hayward and Glaeser, 1979; Uyeda et al., 1980; Jeng
and Chiu, 1984). The absorbed energy, which is related to radi-
ation damage, depends on the chemical composition of the
crystal and themedium in which it is embedded, the temperature
at which the measurement is performed, and the energy of the
incident electrons.
As damage accumulates, its effects become apparent at spe-

cific sites as well as throughout the entire crystal. As crystalline
order deteriorates, the fraction of unit cells contributing to crys-
talline diffraction decreases, the B factor generally increases
(Kmetko et al., 2006), and the observed unit cell volume may in-
crease as the lattice expands (Ravelli et al., 2002). Consequently,
the signal from the obtained diffraction pattern, which varies with
the square of the number of scattering unit cells, decreases. To
some extent, damage can be compensated for by appropriate
scaling procedures (Diederichs, 2006), and may be mitigated in
nanocrystals as the probability that secondary electrons escape
before causing further damage is higher than in large crystals
(Nave and Hill, 2005; Sanishvili et al., 2011).
Site-specific damage may be observed if the impact of radia-

tion damage on the crystal is not uniformly distributed but more
selective toward certain moieties (Weik et al., 2000). Unlike
global damage, site-specific damage can only be assessed
once the dataset has been merged and phased, and a real-
space densitymap is calculated. Site-specific damage becomes
apparent when certain bonds are more susceptible to damage
than others and may remain invisible if it only occurs in a small
fraction of the unit cells or if it is masked by phases calculated
from an undamaged model.
Exposure of the sample to the electron beam results in im-

mediate damage even at cryogenic temperatures; low-dose

Structure 26, 759–766, May 1, 2018 ª 2018 Elsevier Ltd. 759
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procedures help minimize the exposure to the sample prior to
data recording (Uyeda et al., 1980). Early studies indicated
that organic samples deteriorate 4–53 faster at room tempera-
ture compared with cryogenic temperatures (Unwin and Hen-
derson, 1975; Hayward and Glaeser, 1979; Jeng and Chiu,
1984). In these studies, two- and/or three-dimensional crystals
were used in electron diffraction to look at the overall decay of
reflections following exposure to the electron beam. These
studies indicated that atomic resolution information (defined
as better than 3 Å) was lost after exposure of the sample
to only 3 e! Å!2. In 2013, a new method for cryoelectron
microscopy (cryo-EM) was unveiled and termed micro-crystal
electron diffraction (MicroED), or three-dimensional electron
crystallography of microscopic crystals (Shi et al., 2013; Nan-
nenga et al., 2014b). With continuous rotation MicroED, which
is the preferred method of data collection in MicroED, signifi-
cant loss of diffraction intensity was observed at resolutions
better than "3 Å when only "3 e! Å!2 were used, consistent
with past studies (Hayward and Glaeser, 1979; Jeng and
Chiu, 1984; Baker et al., 2010).

Owing to the strong interaction of electrons with matter, and
the fact that only diffraction data are collected (no imaging),
high-resolution structures can be determined by MicroED from
three-dimensional nanocrystals with significantly less total expo-
sure than what is normally used for other cryo-EM modalities.
Recent MicroED experiments demonstrated that complete data-
sets could be collected from a single nanocrystal using a total
exposure of less than "1–2 e! Å!2 (Nannenga et al., 2014a; de
la Cruz et al., 2017), making it possible to design new and
improved experiments to test for beam-induced damage to the
specimen with increasing exposure.

In this study, we set out to determine the damaging effects of
electron radiation using MicroED and nanocrystals of a well-
characterized sample, proteinase K, and a short hepta-peptide
with a bound metal. MicroED data were collected using expo-
sures of 0.0017–0.007 e! Å!2 s!1. Such low exposures allowed
us to repeatedly measure the same wedge of reciprocal space
from the same crystal and to compare the data obtained over

increasing exposure as the experiment progressed. The data
were also sufficiently complete to allow us to investigate the ef-
fects not only in reciprocal space but also in real space, such that
both global and site-specific damage can be observed. The data
indicate that beam damage is a limiting factor in high-resolution
cryo-EM methods, and the results have implications for all EM
methods that use considerably higher exposures for imaging.

RESULTS

Indicators of Global Damage
For both the globular proteinase K and hepta-peptide samples,
the overall weakening of the diffraction spots resulting from the
loss of crystalline order can be modeled by exponential decay
as a function of absorbed dose (Blake and Phillips, 1962;
Liebschner et al., 2015) (Figure 1). We note that this model ap-
pears to systematically underestimate the intensities of the
weakest reflections at high exposures for all samples. This
observation does not necessarily invalidate the model: weak re-
flections are difficult to measure accurately due to noise; to the
extent these reflections can be measured at all, they are not
discernible by eye. Profiles derived from stronger reflections
are likely to overestimate their intensities, and outlier rejection
due to, for example, ill-fitting background models, introduces
further bias toward more intense reflections.
After an exposure of 1 e! Å!2 the average intensity of all

observed reflections in proteinase K decreased to 73% of its
extrapolated value at zero dose (Figure 1). After an additional
1.6 e! Å!2, the high-resolution limit of the data dropped from
1.7 to 1.9 Å (Table 1). Similar trends can be seen in the peptide
images at high and low exposure rates where the intensities
have dropped to 61% and 65%, respectively, by 1 e! Å!2. How-
ever, the highest-resolution reflections in the peptide data are
much stronger than those in proteinase K, and the effect of expo-
sure on optical resolution is consequently not as pronounced.
For both peptide datasets, the optical resolution decreases to
"1.1 Å by 2 e!Å!2 (Tables 2 and Table 3).

A B C

Figure 1. Exposure Dependency of the Mean Intensity of the Unmerged Integrated Reflections
(A–C) Proteinase K (A), the hepta-peptide, GSNQNNF (B), recorded at an exposure rate of 0.0028 e! Å!2 s!1, and GSNQNNF(C) at 0.0017 e! Å!2 s!1. Spots at

high resolution fade significantly faster than spots at low resolution. For proteinase K, the electron exposure at which themean intensity across the entire recorded

resolution range is reduced to 70%, 50%, and e!1 of its extrapolated value at zero dose is estimated to beD70 = 1.1 e! Å!2,D50 = 2.2 e! Å!2, andDe = 3.1 e! Å!2.

The corresponding exposures for the 0.0028 e! Å!2 s!1 and 0.0017 e! Å!2 s!1 peptide datasets areD70 = 0.73 e! Å!2,D50 = 1.4 e! Å!2, andDe = 2.1 e! Å!2, and

D70 = 0.83 e! Å!2, D50 = 1.6 e! Å!2, and De = 2.3 e! Å!2, respectively.

760 Structure 26, 759–766, May 1, 2018
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The highest-resolution reflections, those providing atomic res-
olution, are most sensitive to disruption of crystalline order.
Consequently, as a result of subtle long-range changes in the lat-
tice, weak, high-resolution reflections fade into the background
faster than strong, low-resolution reflections (Blake and Phillips,
1962; Howells et al., 2009), and the highest observable resolution
decreases with dose (Tables 1, 2, and 3). In conjunction, fine fea-
tures in real space density maps disappear at a higher rate than
the overall molecular envelope. Generally, high-resolution infor-
mation, defined as better than 2 Å, was significantly decayed
when exposures greater than !3 e" Å"2 were used. Beyond
!4 e" Å"2, the reflections at a resolution finer than 2 Å have
dropped to 10% of their extrapolated value at zero dose in
diffraction patterns of proteinase K. The corresponding expo-
sure for the peptide at high and low dose rates are similar at
2.7 and 3.2 e" Å"2, respectively.
As an additional proxy for global damage by electrons we

use changes in the relative B factor, Brel (Kmetko et al.,
2006), calculated over the reflections in the resolution range
common to all datasets of a given sample and exposure rate.
For all but the poorest diffracting crystals, Brel increases mono-
tonically with absorbed dose (Figure 2). We also find that the
unit cell volume, although a much less reliable indicator of
global radiation damage, generally increases with exposure
(Murray and Garman, 2002). In our measurements, the unit
cell volume of proteinase K increased by a modest 1.8%

from 452 to 460 nm3; the trends for the peptide are much
less clear.

Site-Specific Damage
Localized chemical changes within the macromolecule can be
analyzed by observing changes in the density attributed to spe-
cific atoms in real space. We observe site-specific damage even
at exposures as small as 0.1 e" Å"2. For example, the presence
of positive mFo"DFc difference density is detected around the
sulfur atoms of the disulfide bonds in proteinase K, indicating
that the disulfide bridge was breaking in a significant fraction
of the unit cells (Helliwell, 1988), even at total exposure <0.9 e"

Å"2 (Figure 3). At this exposure, the overall diffraction intensity
was reduced to 75% of its extrapolated value at zero dose, indi-
cating that 86% of the unit cells are still diffracting to high reso-
lution (Blake and Phillips, 1962). As the exposure increases, the
positive difference density is replaced by negative difference
density in the location of the bond and the 2mFo"DFc density
progressively weakens.
We also observe site-specific damage in the decarboxylation

of the acidic side chains (Figure 3). Like the disulfide bonds,
these moieties have been observed to be particularly sensitive
to radiation in both X-ray crystallography (Weik et al., 2000)
and single-particle cryo-EM (Bartesaghi et al., 2014; Barad
et al., 2015). In proteinase K, the density around the side chains
of glutamate and aspartate begins to deteriorate, starting at a

Table 2. Processing and Refinement Statistics for the Hepta-Peptide GSNQNNF at 0.0028 e– Å–2 s–1

GSNQNNF

(0.0028 e" Å"2 s"1)

Set 1 (6clc,

EMD-7495)

Set 2 (6cld,

EMD-7496)

Set 3 (6cle,

EMD-7497)

Set 4 (6clf,

EMD-7498)

Set 5 (6clg,

EMD-7499)

Set 6 (6clh,

EMD-7500)

No. of crystals 8 10 9 10 8 6

<texp> (s) 96.7 289.1 480.1 670.1 860.5 1,050.5

Resolution (Å) 13.96–1.01

(1.03–1.01)

13.95–1.01

(1.03–1.01)

14.04–1.01

(1.03–1.01)

13.98–1.15

(1.20–1.15)

13.75–1.35

(1.44–1.35)

13.96–1.37

(1.46–1.37)

Completeness (%) 76.6 (67.0) 82.4 (57.2) 77.2 (37.6) 81.2 (82.9) 77.2 (78.1) 73.5 (74.1)

Multiplicity 5.9 (5.4) 6.4 (4.5) 5.7 (3.1) 6.5 (6.0) 5.8 (5.8) 4.7 (4.5)

CC1/2 0.980 (0.892) 0.983 (0.842) 0.988 (0.758) 0.986 (0.850) 0.986 (0.590) 0.968 (0.385)

Rwork/Rfree 17.77/15.86 22.03/21.31 24.52/24.38 26.59/29.28 21.95/26.86 22.50/29.75

Rows as per Table 1.

Table 1. Processing and Refinement Statistics for Proteinase K

Proteinase K

Set 1 (6cl7,

EMD-7490)

Set 2 (6cl8,

EMD-7491)

Set 3 (6cl9,

EMD-7492)

Set 4 (6cla,

EMD-7493)

Set 5 (6clb,

EMD-7494)

No. of crystals 6 6 6 5 4

<texp> (s) 123.1 370.0 617.3 862.6 1,107.9

Resolution (Å) 20.74–1.71

(1.74–1.71)

20.78–2.00

(2.05–2.00)

20.81–2.20

(2.27–2.20)

20.87–2.80

(2.95–2.80)

20.92–3.20

(3.46–3.20)

Completeness (%) 93.4 (71.9) 96.9 (97.0) 94.3 (94.6) 88.4 (87.7) 76.8 (77.7)

Multiplicity 6.1 (4.9) 6.2 (6.3) 5.7 (5.8) 5.6 (5.8) 3.3 (3.4)

CC½ 0.950 (0.164) 0.948 (0.138) 0.925 (0.097) 0.908 (0.142) 0.828 (0.215)

Rwork/Rfree 22.13/25.34 21.86/25.88 23.85/30.18 26.30/32.56 21.40/32.62

The average exposure time of a multi-crystal dataset is denoted <texp>; it is defined as the mean cumulative irradiated time of all the frames in the

dataset. Numbers in parentheses refer to the highest-resolution shell for refinement. Owing to varying response to radiation, damage-induced non-

isomorphism causes the number of datasets that can be merged to decrease at the higher exposures.
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total exposure of !2 e" Å"2, and completely disappears after
approximately 5 e" Å"2 (Figure 3).
The peptide unit cell contains a zinc atom, which displays sig-

nificant signs of site-specific radiation damage at exposures
>0.8 e" Å"2 (Figure 4). For the bound zinc, the radiation damage
is primarily modeled using the atomic displacement parameter
(ADP). Unlike occupancies, which model large-scale discrete
disorder and were fixed at unity in all models, the ADPs describe
harmonic vibrations around the mean position of the atoms.
While the density around the zinc atom in the model remains
positive even at the highest exposure, its ADP generally in-
creases with exposure (Figure 4). The displacement begins
with as little total exposure as 0.2 e" Å"2, when the ADP of the
zinc is 1.33 higher than the average ADP in the peptide model.
Site specific damage was further assessed in real space using

RIDL (Bury et al., 2015), which calculates the maximum density
loss Dloss for each atom in the model. This provides a means to
objectively establish the sensitivity of different amino acids to
electron radiation. Generally, the results from MicroED are
consistent with the order and appearance of site-specific dam-
age observed in X-ray crystallography: metals are significantly
more prone to damage, and glutamate, aspartate, and cysteine
residues accumulate damage even at very low electron beam
exposures (Figure 5).

DISCUSSION

Past studies of radiation damage in cryo-EM described the
exposure-dependent decay of diffraction intensities up to and
including 3 Å resolution (Henderson and Unwin, 1975; Hayward
and Glaeser, 1979; Jeng and Chiu, 1984; Baker et al., 2010). No
data were analyzed at resolutions better than 3 Å, likely because
such data were not recorded at the time. Unfortunately, even a
recent study that reported a 2.6 Å resolution single-particle
reconstruction included an analysis of beam-induced damage
only to lower resolution (Grant and Grigorieff, 2015). Moreover,
while the early experiments analyzed the decay of diffraction in-
tensities, little or no analysis of the effects of exposure on real
space was described. This is likely because the effects of spe-
cific damage in real space are difficult to characterize to any de-
gree of accuracy at low resolution.
We performed a deep analysis of the effects of electron radia-

tion damage on biological samples at resolutions better than 1 Å
using MicroED (Shi et al., 2013; Nannenga et al., 2014b). Using
ultra-low exposures allowed us to collect sufficient data from
several crystals for structure determination. Each crystal was
then sequentially exposed to the electron beam and additional
structures were determined, from the very same crystals, at
increasing levels of total exposure. In this way, we could investi-
gate the effects of exposure on both reciprocal and real space
informing us on both global and site-specific damage to the sam-
ple. With this approach, we could follow the trends of beam-
induced damage in biological matter at very high resolutions
(better than 1 Å) in a way not previously possible in cryo-EM.
Our real-space analysis shows that site-specific damage is

apparent at high resolution, even with exposures less than
1 e" Å"2; these exposures are well below those currently
used in other cryo-EM modalities, for example imaging in sin-
gle-particle EM. This analysis therefore holds importantT
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Å
"
2
s"

1
)

S
e
t
1
(6
c
li,

E
M
D
-7
5
0
1
)

S
e
t
2
(6
c
lj,

E
M
D
-7
5
0
2
)

S
e
t
3
(6
c
lk
,

E
M
D
-7
5
0
3
)

S
e
t
4
(6
c
ll,

E
M
D
-7
5
0
4
)

S
e
t
5
(6
c
lm

,

E
M
D
-7
5
0
5
)

S
e
t
6
(6
c
ln
,

E
M
D
-7
5
0
6
)

S
e
t
7
(6
c
lo
,

E
M
D
-7
5
0
7
)

S
e
t
8
(6
c
lp
,

E
M
D
-7
5
0
8
)

S
e
t
9
(6
c
lq
,

E
M
D
-7
5
0
9
)

S
e
t
1
0
(6
c
lr
,

E
M
D
-7
5
1
0
)

S
e
t
1
1
(6
c
ls
;

E
M
D
-7
5
1
1
)

S
e
t
1
2
(6
c
lt;

E
M
D
-7
5
1
2
)

N
o
.
o
f
c
ry
st
a
ls

1
1

1
1

9
1
0

1
1

9
1
1

1
0

1
2

1
0

1
0

9

<
t e
x
p
>
(s
)

9
7
.2

2
9
1
.3

4
8
4
.6

6
7
7
.1

8
6
9
.0

1
,0
6
0
.6

1
,2
5
1
.0

1
,4
4
2
.9

1
,6
3
6
.2

1
,8
3
2
.2

2
,0
2
4
.3

2
,2
1
4
.0

R
e
so

lu
tio

n
(Å
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implications for all cryo-EM methods, particularly single-particle
EM, as resolutions that approach those commonly observed in
crystallography have recently been reported (Merk et al., 2016).
Imaging in single-particle cryo-EM allows the determination of

protein structures from a collection of thousands of projection
images of individual particles oriented randomly in vitrified ice.
When a sufficiently fast camera is available, single-particle
cryo-EM data are often collected as movie. The exposure deliv-
ered to the sample reflects a trade-off between contrast and loss
of high-resolution information to radiation damage. Using cata-
lase crystals, it was previously suggested that the optimal
trade-off between signal and damage was !20 e" Å"2 for the
target resolution of 20 Å, while for 3 Å resolution it was recom-
mended that 10 e" Å"2 be used (Baker et al., 2010). In single par-

ticle EM, the total exposure that is typically more than 20 e" Å"2,
is fractionated over a sequence of short exposures. This allows
individual frames to be corrected for specimen drift and beam-
induced movement prior to averaging, while the first frame is
usually discarded during processing. The last frames aid align-
ment but are excluded from the final average because they
contribute little high-resolution information. The average of
the first !2–5 frames from the movie therefore reflect a
superposition of the same particles exposed to electron doses
in the range of 2–10 e" Å"2, and these are used for the final
reconstruction when combined with data from thousands of
other particles.
Since the damage mechanisms in all these EM methods orig-

inate from the same phenomena, it is likely that the effects of

A B C

Figure 2. Exposure Dependency of the Unit Cell Volume, Vuc, and Relative B Factor, Brel

Vuc and Brel were averaged across all the crystals at each exposure. For Brel only reflections in a sufficiently large resolution range common to all datasets were

considered (20.8–3.20 Å for proteinase K; 14.0–1.2 Å for GSNQNNF). (A) proteinase K, (B) the hepta-peptide, GSNQNNF, recorded at an exposure rate of

0.0028 e" Å"2 s"1, and (C) GSNQNNF at 0.0017 e" Å"2 s"1.

Figure 3. Disulfide Bond Breakage and Decarboxylation of Acidic Side Chains Indicate Site-Specific Radiation Damage in Proteinase K
2mFo"DFc maps (blue meshes) are contoured at 1.5s above themean,mFo"DFc difference densities (green/redmeshes) are contoured at ±3s above/below the

mean. Maps up to and including those calculated at 4.3 e" Å"2 use data extending to 2.2 Å; the twomaps at the highest exposure only use reflections up to 3.2 Å.

Densities are carved to 2 Å around the selected atoms. All figures were generated using PyMol (Schrödinger, 2014).

Structure 26, 759–766, May 1, 2018 763



 215 

 
  

randomly distributed damage events are washed out during the
immense averaging and the use of methods to exclude certain
particles from the final reconstruction in single-particle EM.
However, site-specific damage to acidic side chains has already
been observed at 3.2 Å in 10 e! Å!2 exposures (Bartesaghi et al.,
2014). We surmise that the underlying damage to the sample
may limit the attainable resolution in single-particle cryo-EM at
the doses currently used (Grant and Grigorieff, 2015; Merk
et al., 2016), and that with such exposure levels the collected
data are of damaged particles. When known structures are re-
constructed by single-particle EM, even if the resulting map is
noisy because of damage, it can still be readily interpreted
because the correct answer is available. But for novel structures,
where the correct structure is unknown, building structures de
novo with noisy maps of damaged protein is very challenging
and could be prohibitive.
Quantification of radiation damage and estimates of crystal

lifetime under irradiation not only depend on the sample (e.g.,
the number of scattering unit cells and their size, composition
and thickness of the surrounding mother liquor and the embed-
ding vitrified ice), and the measurement setup (e.g., quanta,
dose, and temperature), but also on how data were processed
and analyzed. Measures such as the upper resolution limit,
B factors, and unit cell volume are often the result of some opti-
mization procedure and may be affected by factors other than
the actual damage to the crystal (Kmetko et al., 2006). This is re-
flected in the literature by the wide spread of dose limits. TheD50

value of 2.2 e! Å!2 calculated from reflections of proteinase K in
the 21.0–1.7 Å interval is consistent with past measurements us-
ing electron diffraction from two-dimensional crystals (Stark
et al., 1996) as well as three-dimensional crystals (Unwin and
Henderson, 1975; Jeng and Chiu, 1984; Baker et al., 2010).
When D50 was calculated from the reflections in the 14.0–1.7 Å
interval of the much smaller hepta-peptide, its value was 2.0
and 2.2 e! Å!2 for high and low exposure rates, respectively,
very close to the value obtained from proteinase K. In line with
previous studies in synchrotron X-ray crystallography at compa-
rable flux densities and temperatures, we do not see any effects
from the dose rate on the observed global damage (Holton,
2009; Warkentin et al., 2013).
Given that the absorbed dose will ultimately limit the amount

of meaningful data that can be extracted from a sample, data
collection in the face of radiation damage may be viewed as
an optimization problem. The more electrons are delivered to
the sample in cryo-EM the stronger the signal, but then noise
and damage accumulate and the high-resolution information
suffers. Where each sample need only be exposed once,
e.g., single-particle cryo-EM or serial femtosecond crystallog-
raphy (Schlichting, 2015), the exposure can be tuned to maxi-
mize the signal-to-noise ratio. When pictures are recorded in

Figure 4. Exposure Dependency on the Hepta-Peptide Density
2mFo!DFc (blue meshes, contoured at 1.5s above the mean) and mFo!DFc
density (red/green meshes, contoured at ±3s above/below the mean) from

the GSNQNNF hetpa-peptide at 0.0017 e! Å!2 s!1. All densities are carved to

2 Å around the model and the maps at electron exposures up to and including

1.5 e! Å!2 are calculated using all observed reflections to 1.01 Å; remaining

maps use reflections up to 1.45 Å. The atomic displacement parameter of the

Zn atom, ADPZn (purple sphere to the left), generally increases over the course

of exposure.
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cryo-EM a minimum level of exposure is required so that suffi-
cient signal is recorded on the camera to facilitate phase
contrast and faithful reconstructions. This need for phase
contrast makes it hard to lower the total dose in these experi-
ments where it was recommended to use 10 e! Å!2 for optimal
trade-off between signal and noise for the target resolution of
only 3 Å (Baker et al., 2010).
In MicroED, where phases are lost and only amplitudes

are recorded, the minimum exposure necessary for recording
the signal is significantly lower than in single-particle
EM. This allows data collection at extremely low exposures
<0.01 e! Å!2 s!1 and entire datasets to be collected from a to-
tal exposure less than a single electron per Å2 at which point
atomic resolution information can be preserved. Our estimated
D50 rate of approximately 2 e! Å!2 sets an upper target for
single-particle cryo-EM experiments seeking to maximize res-
olution. This is particularly challenging, but with increasingly
sensitive cameras and better algorithms to allow the use of
the first few frames of the recorded movies one might be
able to achieve such a feat.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Proteinase K Sigma-Aldrich Cat#P2308; CAS: 39450-01-6

Ammonium sulfate Sigma-Aldrich Cat#A4418; CAS: 7783-20-2

BIS-TRIS Sigma-Aldrich Cat#B9754; CAS: 6976-37-0

GSNQNNF GenScript N/A

Polyethylene glycol 8,000 Hampton Research Cat#HR2-535; CAS: 25322-68-3

MES sodium salt Sigma-Aldrich Cat#M3885; CAS: 71119-23-8

Zinc acetate dihydrate Sigma-Aldrich Cat#96459; CAS: 5970-45-6

Deposited Data

Atomic coordinates, proteinase K crystal structure (Hattne et al., 2016) PDB: 5i9s

Atomic coordinates and density map of

proteinase K at 0.86 e- Å-2

this paper PDB: 6cl7; EMDB: EMD-7490

Atomic coordinates and density map of

proteinase K at 2.6 e- Å-2

this paper PDB: 6cl8; EMDB: EMD-7491

Atomic coordinates and density map of

proteinase K at 4.3 e- Å-2

this paper PDB: 6cl9; EMDB: EMD-7492

Atomic coordinates and density map of

proteinase K at 6.0 e- Å-2

this paper PDB: 6cla; EMDB: EMD-7493

Atomic coordinates and density map of

proteinase K at 7.8 e- Å-2

this paper PDB: 6clb; EMDB: EMD-7494

Atomic coordinates and density map of

GSQNNF at 0.27 e- Å-2

this paper PDB: 6clc; EMDB: EMD-7495

Atomic coordinates and density map of

GSQNNF at 0.81 e- Å-2

this paper PDB: 6cld; EMDB: EMD-7496

Atomic coordinates and density map of

GSQNNF at 1.3 e- Å-2

this paper PDB: 6cle; EMDB: EMD-7497

Atomic coordinates and density map of

GSQNNF at 1.9 e- Å-2

this paper PDB: 6clf; EMDB: EMD-7498

Atomic coordinates and density map of

GSQNNF at 2.4 e- Å-2

this paper PDB: 6clg; EMDB: EMD-7499

Atomic coordinates and density map of

GSQNNF at 2.9 e- Å-2

this paper PDB: 6clh; EMDB: EMD-7500

Atomic coordinates and density map of

GSQNNF at 0.17 e- Å-2

this paper PDB: 6cli; EMDB: EMD-7501

Atomic coordinates and density map of

GSQNNF at 0.50 e- Å-2

this paper PDB: 6clj; EMDB: EMD-7502

Atomic coordinates and density map of

GSQNNF at 0.82 e- Å-2

this paper PDB: 6clk; EMDB: EMD-7503

Atomic coordinates and density map of

GSQNNF at 1.2 e- Å-2

this paper PDB: 6cll; EMDB: EMD-7504

Atomic coordinates and density map of

GSQNNF at 1.5 e- Å-2

this paper PDB: 6clm; EMDB: EMD-7505

Atomic coordinates and density map of

GSQNNF at 1.8 e- Å-2

this paper PDB: 6cln; EMDB: EMD-7506

Atomic coordinates and density map of

GSQNNF at 2.1 e- Å-2

this paper PDB: 6clo; EMDB: EMD-7507

Atomic coordinates and density map of

GSQNNF at 2.5 e- Å-2

this paper PDB: 6clp; EMDB: EMD-7508

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Tamir
Gonen (tgonen@ucla.edu).

METHOD DETAILS

Proteinase K
Crystal Growth
Proteinase K from Engyodontium album (Sigma-Aldrich, St Louis, MO, USA) was prepared by combining 2 ml of protein solution
(50 mg ml-1) with 2 ml of precipitant solution (1.0–1.3 M ammonium sulfate, 0.1 M Tris pH 8.0) (Hattne et al., 2016).
Sample Preparation
The protein solution was dispensed on a glow-discharged grid (easiGlow; Pelco) and vitrified with force position 24 in an FEI (now
Thermo Fisher) Vitrobot Mark IV after blotting for 12 s at an environment humidity of 30% (Shi et al., 2016). Frozen-hydrated grids
were loaded onto a Gatan 626 cryo-holder and transferred to the microscope, where the specimen temperature was maintained
at !100 K.
Data Collection
Electron diffraction datasets from separate crystals were collected using an FEI Tecnai F20 transmission electron microscope oper-
ated at 200 kV, with the objective aperture fully open to evenly illuminate an area extending beyond the sample and setting the

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Atomic coordinates and density map of

GSQNNF at 2.8 e- Å-2

this paper PDB: 6clq; EMDB: EMD-7509

Atomic coordinates and density map of

GSQNNF at 3.1 e- Å-2

this paper PDB: 6clr; EMDB: EMD-7510

Atomic coordinates and density map of

GSQNNF at 3.4 e- Å-2

this paper PDB: 6cls; EMDB: EMD-7511

Atomic coordinates and density map of

GSQNNF at 3.8 e- Å-2

this paper PDB: 6clt; EMDB: EMD-7512

Software and Algorithms

TVIPS tools (Hattne et al., 2015) N/A

iMosflm (Leslie and Powell, 2007;

Battye et al., 2011)

RRID:SCR_014217

AIMLESS (Evans and Murshudov, 2013) RRID:SCR_015747

MOLREP (Vagin and Teplyakov, 1997) RRID:SCR_007255

XDS (Kabsch, 2010b) RRID:SCR_015652

XSCALE (Kabsch, 2010a) RRID:SCR_015652

XDSCONV (Kabsch, 2010b) RRID:SCR_015652

SHELXD (Sheldrick, 2008) RRID:SCR_014220

SCALEIT (Howell and Smith, 1992) RRID:SCR_007255

EFRESOL (Urzhumtseva et al., 2013) N/A

REFMAC (Murshudov et al., 2011) RRID:SCR_014225

AREAIMOL (Winn et al., 2011) RRID:SCR_007255

RIDL (Bury et al., 2015) N/A

PyMol (Schrödinger, 2014) RRID:SCR_000305

Other

TEM grids Quantifoil N/A

easiGlow glow discharge cleaning system PELCO N/A

Vitrobot Mark IV plunge-freezer Thermo Fisher N/A

Gatan 626 cryo-transfer holder Gatan N/A

FEI Tecnai F20 Thermo Fischer N/A

TemCam-F416 TVIPS N/A
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selected area aperture to closely match the size of the crystal. For each crystal of thickness 200–400 nm, the same 23! wedge
was repeatedly collected up to five times by continuously rotating the stage from -12! to +11! (-38! to -15! for crystal 3) off its
untilted orientation at a constant rate of 0.089! s-1 (Nannenga et al., 2014b). The rate of electron exposure was adjusted to
0.007 e- Å-2 s-1, calibrated using a Faraday cage. The individual datasets, each consisting of 49–50 frames with exposure time
5.1 s were recorded at a camera length setting of 1.2 m, corresponding to an effective detector distance of 2.2 m. All diffraction im-
ages were acquired using a TVIPS TemCam-F416 CMOS camera and corrected to account for negative pixel values (Hattne et al.,
2015, 2016) prior to further processing.
Data Reduction
Proteinase K data were indexed and integrated in P43212 using MOSFLM (Leslie and Powell, 2007) through its graphical interface
iMosflm (Battye et al., 2011). Wedges from six different crystals were merged by the order in which they were collected using
AIMLESS (Evans and Murshudov, 2013), and the set of free reflections was copied from the molecular replacement search
model, PDB entry 5i9s. Neither of these crystals yield a complete dataset on their own, but since proteinase K does not exhibit
a pronounced preferred orientation, this produced five reasonably complete datasets, each comprised of frames with a similar
degree of exposure. The choice between intensities derived from summation integration and profile fitting was left up to the opti-
mization algorithm implemented in AIMLESS; in all cases this resulted in profile-fitted intensities being used. Relative B-factors
were calculated between merged single-crystal datasets with SCALEIT from the CCP4 suite (Howell and Smith, 1992; Winn
et al., 2011).
To quantify the global effects of radiation damage, integrated intensities were averaged for each diffraction image. Averages

from different crystals were scaled by a single factor in the range [0.10, 1.0] and simultaneously fit to a common function on the
form A3 exp(-B3x) using the BFGS minimizer implemented in scipy (Oliphant, 2007). The mean effective resolution was calculated
by EFRESOL (Urzhumtseva et al., 2013) and used as an objective high-resolution cutoff for all datasets.
Phasing and Model Refinement
The first dataset was phased by molecular replacement using MOLREP (Vagin and Teplyakov, 1997) from PDB entry 5i9s, and the
solution was reused for all subsequent datasets. Water molecules and ions were excluded from the refined structure: while these
improve the quality of the model at high resolution, they are difficult to reliably model once damage degrades the quality of the
data. This model was also used to calculate solvent-accessible areas with AREAIMOL (Winn et al., 2011).
All models were refined with REFMAC (Murshudov et al., 2011), with electron scattering factors calculated using the Mott–Bethe

formula. The occupancieswere set to unity for all atoms and no alternate confirmationswere used tomodel partial damage to specific
sites of the molecule. Further processing and refinement statistics are given in Table 1.

GSNQNNF
Crystal Growth
The 7-residue peptide GSNQNNF (>98%purity) was purchased fromGenScript, dissolved in water at 10 mgml-1, and crystallized by
the hanging-drop method in a high-throughput screen. Crystals grew as needle clusters at a 1:1 ratio of peptide solution to mother
liquor in a condition containing 10% (w/v) PEG-8000, 0.1 M MES pH 6.0, and Zn(OAc)2 (Martynowycz et al., 2017).
Sample Preparation
Clusters were broken by pipetting and dispensed onto glow-discharged grids, whichwere then blotted for 20 s and vitrifiedwith force
position 24. Otherwise, GSNQNNF samples were prepared identically to those of proteinase K.
Data Collection
Crystals of the hepta-peptide that were 100–500 nm thick, were tilted over "60! at a three-fold higher rotation rate (0.3!s-1) than
was used for proteinase K and up to 12 sweeps were collected from each crystal. To probe the effect of dose rate on radiation
damage, peptide data were collected at both 0.0028 e- Å-2 s-1 and 0.0017 e- Å-2 s-1. These rates were tuned to maximize the num-
ber of sweeps collected from an individual crystal. Single crystal datasets comprised of approximately 100 images were collected
with an exposure time of 2.1 s and camera length 0.73 m which corresponds to an effective sample to detector distance of 1.2 m.
Because two orders of magnitude fewer reflections are typically observed on a diffraction pattern from short segments like
GSNQNNF than from proteinase K, intensities were integrated with a higher gain value and averaged for each dataset instead
of for each frame when estimating the effects of global damage on the hepta-peptide. Otherwise data collection was performed
as detailed for proteinase K.
Data Reduction, Phasing, and Model Refinement
The datasets were indexed and integrated in P1 with XDS (Kabsch, 2010b) and an isomorphous subset was scaled and merged with
XSCALE (Kabsch, 2010a). Phases for the GSNQNNF data were determined ab initio by direct methods from the first collected data
set using SHELXD (Sheldrick, 2008). XDSCONV (Kabsch, 2010b) was used on this dataset to assign a free set of reflections, which
was subsequently reused for all later peptide datasets. A ligated acetate, threewater molecules, and a single zinc atomwere included
with the GSNQNNF model, because they constitute a significant fraction of the unit cell contents, and all atoms were fixed at full oc-
cupancy. Otherwise processing was performed as detailed for proteinase K; statistics for the datasets at the high and low dose rates
are given in Tables 2 and 3, respectively.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analyses are given in Tables 1, 2, and 3. These values were extracted from the programs used to merge
and refine the respective multi-crystal datasets.

DATA AND SOFTWARE AVAILABILITY

The atomic coordinates have been deposited in the Protein Data Bank under ID codes 6cl7 to 6clt. Density maps have been depos-
ited in the Electron Microscopy Data Bank under ID codes EMD-7490 to EMD-7512.
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Appendix Chapter 3 

 

Homochiral and racemic MicroED structures of a peptide repeat from the ice-nucleation protein 
InaZ 
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The ice-nucleation protein InaZ from Pseudomonas syringae contains a large
number of degenerate repeats that span more than a quarter of its sequence and
include the segment GSTSTA. Ab initio structures of this repeat segment,
resolved to 1.1 Å by microfocus X-ray crystallography and to 0.9 Å by the cryo-
EM method MicroED, were determined from both racemic and homochiral
crystals. The benefits of racemic protein crystals for structure determination
by MicroED were evaluated and it was confirmed that the phase restriction
introduced by crystal centrosymmetry increases the number of successful trials
during the ab initio phasing of the electron diffraction data. Both homochiral
and racemic GSTSTA form amyloid-like protofibrils with labile, corrugated
antiparallel !-sheets that mate face to back. The racemic GSTSTA protofibril
represents a new class of amyloid assembly in which all-left-handed sheets mate
with their all-right-handed counterparts. This determination of racemic amyloid
assemblies by MicroED reveals complex amyloid architectures and illustrates
the racemic advantage in macromolecular crystallography, now with submicro-
metre-sized crystals.

1. Introduction

Expressed by a subset of microorganisms, ice-nucleation
proteins are capable of stimulating ice formation in super-
cooled water (Green & Warren, 1985). The Gram-negative
microbe Pseudomonas syringae is sold commercially as
Snomax1 for its ice-nucleating activity (Green & Warren,
1985; Cochet & Widehem, 2000). The ice-nucleation protein
InaZ is produced by P. syringae and localized to its outer
membrane (Green & Warren, 1985; Wolber et al., 1986). The
sequence of InaZ is approximately 1200 residues in length,
over half of which includes degenerate octapeptide repeats. A
subpopulation of degenerate repeats share the consensus
motif GSTXT(A/S), where X represents an unconserved
amino acid (Supplementary Fig. S1; Green & Warren, 1985;
Warren et al., 1986). These repeats are shared by other Ina
proteins and may collectively contribute to ice nucleation
(Green & Warren, 1985; Kobashigawa et al., 2005; Han et al.,
2017).

Despite the crystallographic determination of structures of
other ice-binding proteins (Davies, 2014; Garnham, Campbell
& Davies, 2011), InaZ remains recalcitrant to crystallization.
Models of full-length InaZ have proposed it to have a !-helical
(Garnham, Campbell, Walker et al., 2011; Graether & Jia,
2001) or solenoid-like fold rich in stacked !-strands (Cochet &
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Widehem, 2000; Pandey et al., 2016). These features are shared
by amyloid filaments: their tightly mated !-sheets form fibrils
that can cross-link, cluster and be functional (Nelson et al.,
2005; Sawaya et al., 2007; Fitzpatrick et al., 2017; Eisenberg &
Jucker, 2012; Maury, 2009). Functional amyloid assemblies
appear across the tree of life (Wasmer et al., 2008; Hughes et
al., 2018; Maury, 2009; Tayeb-Fligelman et al., 2017) and can
contain low-complexity regions with degenerate repeats
(Hughes et al., 2018).

Success in determining amyloid structures was first achieved
by crystallizing short segments that stabilize the cores of fibrils
through a motif known as the steric zipper (Nelson et al., 2005;
Sawaya et al., 2007). However, the propensity of elongated
!-strands to twist or kink can limit crystal growth, sometimes
yielding nanocrystals that pose a challenge for structure
determination (Rodriguez et al., 2015). These limits have
recently been overcome in part by the development of the
cryo-electron microscopy (cryo-EM) method, electron
microdiffraction (MicroED; Shi et al., 2013). MicroED yields
high-resolution structures from protein crystals no thicker
than a few hundred nanometres (Shi et al., 2016; Rodriguez et
al., 2017). Because of this, MicroED has helped in determining
the structures of a number of amyloid protofibrils (Rodriguez
et al., 2015; Krotee et al., 2017) at atomic resolution, some ab
initio (Sawaya et al., 2016; Gallagher-Jones et al., 2018).

Racemic crystallography further facilitates the crystal-
lization of proteins and peptides (Matthews, 2009; Yeates &
Kent, 2012; Patterson et al., 1999), including ice-binding
proteins (Pentelute et al., 2008). Mixing left-handed (l) and
right-handed (d) enantiomers of a macromolecule improves
its likelihood of crystallization and facilitates structural
analysis (Yeates & Kent, 2012; Wukovitz & Yeates, 1995).
Crystallographic phases are restricted for data from centro-
symmetric crystals, making the phase problem associated with
the determination of their structure more tractable (Yeates &
Kent, 2012). This is advantageous for structure determination
by direct methods (Hauptman, 1986), where phases must be
computed from measured intensities alone (Hauptman, 1986,
2001; Sheldrick, 2008). Accordingly, various polypeptide
structures have been determined by racemic X-ray crystallo-
graphy, including those of ester insulin, plectasin and an
antifreeze protein (Pentelute et al., 2008; Avital-Shmilovici et
al., 2013; Mandal et al., 2009, 2012). While the benefits of
racemic crystallography are evident for X-ray diffraction
(Matthews, 2009), questions remain about the potential for
exploiting these benefits in MicroED.

Hypothesizing that the repeat segments of the ice-nucleation
protein InaZ may form amyloid-like assemblies, we set out to
interrogate the structure of GSTSTA from both homochiral
and racemic crystals by MicroED. In doing so, we also assessed
the fidelity of MicroED data in racemic structure determina-
tion. By comparing the structures of homochiral and racemic
GSTSTA, we gauge the effect of racemic self-assembly on
protofibril architecture. With these structures of a core repeat
in the InaZ protein, we begin an atomic-level investigation of
peptide segments derived from ice-nucleation proteins
(Pandey et al., 2016).

2. Methods

2.1. Sequence analysis of ice-nucleation proteins

The sequence of the ice-nucleation protein InaZ from
P. syringae was screened for the existence of hexameric
degenerate repeat motifs that contained one or more threo-
nine residues (Supplementary Fig. S1). The repeats were then
evaluated for their propensity for amyloid fibril formation
by ZipperDB (Supplementary Fig. S1). For each, a Rosetta
energy score was calculated. A single repeat, GSTSTA, was
chosen from this list of hexameric sequences. This segment
appears five times identically in the sequence of InaZ, first at
residue 707, and is part of a group with the consensus motif
GSTXT(A/S) that appears 59 times in the InaZ sequence.

2.2. Synthesis, purification, characterization and
crystallization of L- and D-enantiomers of the InaZ-derived
peptide GSTSTA

The l-enantiomer of GSTSTA was purchased from
GenScript with 98% purity. The d-enantiomer of GSTSTA was
synthesized by solid-phase peptide synthesis and was purified
using a Waters Breeze 2 HPLC System in reversed phase
buffered with trifluoroacetic acid (Supplementary Fig. S2).
The two enantiomers were qualified by ESI-MS on a Waters
LCT Premier. The spectrum of the l-enantiomer showed an
[M+H]+ peak of 523.30 g mol!1 (expected 523.22 g mol!1) and
a dimer [M+M+H]+ peak of 1045.6 g mol!1 (expected
1045.44 g mol!1). The spectrum of the d-enantiomer showed
an [M+H]+ peak of 523.24 g mol!1 (expected 523.22 g mol!1)
and a dimer [M+M+H]+ peak of 1045.49 g mol!1 (expected
1045.44 g mol!1) (Supplementary Fig. S2).

Crystals of l-GSTSTA were grown as follows. Lyophilized
peptide was weighed and dissolved in ultrapure water at
concentrations of between 82 and 287 mM, assuming a 1:1
ratio of peptide to trifluoroacetic acid (TFA) in the lyophilized
powder. Crystals were grown at room temperature by the
hanging-drop method in a high-content 96-well Wizard screen.
Of the many crystallization trials that yielded crystals, those
obtained from a condition consisting of 0.1 M CHES buffer
pH 9.5, 10%(w/v) PEG 3000 were used for microfocus X-ray
data collection. Another promising condition was optimized
by the hanging-drop method in 24-well plates. This condition
consisted of 0.1 M McIlvaine (citrate–phosphate) buffer pH
4.2, 12.5%(w/v) PEG 8000, 0.1 M sodium chloride and was
used to grow crystals of l-GSTSTA in batch.

Crystals of racemic GSTSTA were grown as follows.
Lyophilized powders of l-GSTSTA and d-GSTSTA were
separately weighed and dissolved in ultrapure water so that
the concentrations of the two enantiomers matched. Crystal
formation was screened at concentrations ranging from 82 to
123 mM after accounting for TFA. Control trays containing
only l- or d-GSTSTA were prepared simultaneously alongside
racemic screens. All three trays were stored and monitored at
room temperature, with crystal formation observed in various
conditions. Images of every well were collected after 3 h, one
day, three days, five days and seven days, and crystal formation
was monitored over time. A condition consisting of 0.1 M
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imidazole pH 8.0, 10%(w/v) PEG 8000 produced the best
crystals.

Crystals were batch grown for data collection by MicroED.
Lyophilized l-GSTSTA peptide was weighed and dissolved
in 0.1 M McIlvaine (citrate–phosphate) buffer pH 4.2,
12.5%(w/v) PEG 8000, 0.1 M sodium chloride to an effective
final concentration of 123 mM, mimicking the final concen-
tration of a hanging drop in the 24-well optimization. Lastly,
the solution was seeded with crystal needles extracted from
crystals grown in the 24-well optimization described above.
Batch crystals of racemic GSTSTA were grown from lyophi-
lized l-GSTSTA and d-GSTSTA that had been separately
weighed and dissolved in 0.1 M imidazole buffer pH 8.0
containing 10%(w/v) PEG 8000 to a final concentration of
50 mM for each enantiomer after accounting for the mass
contributed by TFA.

2.3. Microfocus X-ray data collection and structure
determination

Crystals of l-GSTSTA were harvested from a 96-well
hanging drop using MiTeGen loops and flash-cooled in liquid
nitrogen. No additional cryoprotectant was used other than
the PEG 3000 that was already present in the mother liquor.
72 diffraction images were collected with an oscillation range
of 5! from a single crystal; 40 of these were indexed and
integrated. Crystals of racemic GSTSTA were harvested from
a 96-well hanging drop using MiTeGen loops and flash-cooled
in liquid nitrogen. No additional cryoprotectant was used
other than the PEG 8000 that was already present in the
buffer. 144 diffraction images were collected with an oscilla-
tion range of 2.5! from a single crystal; 64 of these were
indexed and integrated.

Diffraction data were collected from both homochiral and
racemic GSTSTA crystals under cryogenic conditions (100 K)
on beamline 24-ID-E at the Advanced Photon Source (APS)
equipped with an ADSC Q315 CCD detector using a 5 mm
beam with wavelength 0.979 Å. Signal was only limited by the
edge of our detector at approximately 1.1 Å; as such, higher
resolution data could perhaps be achieved by modifying the
experimental geometry and/or adjusting the energy of the
X-ray beam in the experiment. Data from both homochiral
and racemic crystals were reduced in XDS (Kabsch, 2010) and
yielded ab initio solutions using SHELXT and SHELXD
(Sheldrick, 2015). The phases obtained from these coordinates
produced maps of sufficient quality for subsequent model
building in Coot (Emsley et al., 2010). The resulting models
were refined against the measured data using PHENIX
(Adams et al., 2010).

2.4. Electron microscopy, MicroED data collection and
structure determination

Crystals were prepared for MicroED data collection
following a variation of the procedures detailed in Rodriguez
et al. (2015) as follows. Following a 1:2 dilution in ultrapure
water, crystals were applied onto glow-discharged grids of
type (PELCO easiGlow) 300 mesh Cu 1/4. Excess liquid was

blotted off onto filter paper wetted with 4 ml ultrapure water
to avoid salt-crystal formation. Grids were plunge-frozen into
liquid ethane using a Vitrobot (FEI). Grids were then initially
stored in liquid nitrogen before being transferred to a liquid-
nitrogen-cooled Gatan 626 cryo-holder for insertion and
manipulation within the electron microscope.

MicroED data were collected from three submicrometre-
thick needle crystals of l-GSTSTA and two submicrometre-
thick needle crystals of racemic GSTSTA. Briefly, frozen
hydrated crystals of either l-GSTSTA or racemic GSTSTA
were visually inspected in overfocused diffraction mode on a
cryocooled FEI Tecnai F20 microscope operated at 200 kV
(Janelia Research Campus). The diffraction patterns used for
structure determination were collected on a TVIPS TemCam-
F416 CMOS detector in rolling-shutter mode. For l-GSTSTA,
diffraction patterns were collected during unidirectional
rotation with 2 s exposures. For racemic GSTSTA, diffraction
patterns were collected during unidirectional rotation with 3 s
exposures. A rotation rate of 0.30! s"1 and rotation angles
ranging from "63! to 72! were used for both. Beam intensity
was held constant, with an average dose rate of 0.003–
0.005 e" Å"1 s"1 or#0.01 e" Å"2 per image, corresponding to
a total dose of #1–3 e" Å"2 per data set. Data were recorded
at an effective camera length of 730 mm, which is the
equivalent of a sample-to-detector distance of 1156 mm in a
corresponding lenseless system. All diffraction was performed
using a circular selected area aperture of #1 mm2 in projec-
tion.

Diffraction movies were converted to the SMV file format
using TVIPS tools as described previously (Hattne et al.,
2015). Indexing and integration were performed in XDS.
Partial data sets from three l-GSTSTA crystals were sorted
and merged in XSCALE. Intensities from a total of 196
diffraction images were merged. An ab initio solution was
achieved using SHELXD (Sheldrick, 2015). To achieve a
complete data set from racemic GSTSTA crystals, the inte-
grated diffraction intensities from partial data sets of two
different crystals were sorted and merged in XSCALE.
Intensities from a total of 145 diffraction images were merged.
An ab initio solution was achieved using SHELXD and
SHELXT (Sheldrick, 2015). Although XDS accurately
differentiated the Laue classification for the racemic GSTSTA
data, SHELXT, which does not rely on user input for space-
group selection, ensured a correct solution for the racemic
data. SHELXT selected P21/c as the racemic space group, a
choice corroborated by the systematic absences that were
present in the data. The phases obtained from the l-GSTSTA
and racemic GSTSTA coordinates produced by SHELX were
used to generate maps of sufficient quality for subsequent
model building in Coot (Emsley et al., 2010). The resulting
models were refined with PHENIX (Adams et al., 2010), using
electron scattering form factors, against the measured data.

2.5. Analysis of homochiral and racemic GSTSTA structures

In the analysis of the hydrogen-bonding and assembly
interactions of each l-GSTSTA structure, an assembly of four
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strands, composed of two pairs in mating sheets, was used to
find all unique hydrogen bonds, while racemic GSTSTA
required an assembly of 12 strands composed of three strands
from a pair of mating sheets and six more strands related by
translation along the protofibril axis to achieve a unique set of
hydrogen bonds. Hydrogen bonds were tabulated from this
structure using HBPLUS (McDonald & Thornton, 1994).

Distances between strands along a sheet were calculated as
differences between ! carbons of one strand and its neighbor
along the same sheet. These distances were calculated for both
GSTSTA and GNNQQNY using PDB entry 1yjp (Sawaya et
al., 2016). The angle between a strand and its corresponding
sheet was calculated against the plane formed by ! carbons
along that sheet.

2.6. Analysis of phases in structures determined by MicroED
and X-ray crystallography

To analyze the distribution of phases associated with
reflections measured from racemic crystals by both X-ray and
electron diffraction, data reduction was performed in space
group 1 (P1) and refined in PHENIX against a model
encompassing the entire unit cell of four strands. This model
was obtained by applying all symmetry operations on the
asymmetric unit of the P21/c structure. Refinement in P1
allowed symmetry to be broken, no longer restricting phases
to 0 or 180!, as the phases changed in the case where coor-
dinates deviated from their symmetry-related positions. The
resulting set of reflections and phases were analyzed in
MATLAB. We plotted the observed and calculated magni-
tudes of each reflection against each other and the set fitted by
linear regression. For each measured magnitude, the asso-
ciated phases were plotted and showed a bimodal distribution.
Histograms were drawn using these data to evaluate phase
distributions; the standard deviation of these was computed by
merging the distributions around 0 and 180! using a modulo
operation.

2.7. Analysis of paired reflections in MicroED and X-ray
crystallographic data

Merged data sets collected by either MicroED or microfocal
X-ray crystallography were paired for homochiral and racemic
crystals of GSTSTA. MicroED data .mtz files were scaled
against their corresponding X-ray counterparts, where corre-
sponding reflections were paired and missing reflections were
ignored within a single .mtz file. This was achieved using
custom scripts and the RSTATS program, which scaled and
compared common reflections between corresponding data
sets. The corresponding distributions of Fourier magnitudes
were then analyzed using MATLAB, in which a best-fit line
was determined for each of the paired data sets. Zones were
visualized using the HKLVIEW program, in which either h, k
or l were selectively set to zero.

3. Results

3.1. Identification, synthesis and crystallization of
amyloid-forming ice-nucleation protein (INP) segments

With the goal of characterizing the structural properties of
degenerate repeats in INPs, we identified a group of hexa-
peptides within the set of InaZ repeats and evaluated their
amyloid-forming propensities (Goldschmidt et al., 2010;
Supplementary Fig. S1). We ranked the hexapeptides based on
their predicted propensity for amyloid zipper formation, their
repeated appearance in INP sequences and whether they
contained polar residues, including threonine (Supplementary
Fig. S1). We chose to further investigate a segment whose
sequence, GSTSTA, appears identically five times within InaZ
at residues 707–712, 755–760, 803–808, 851–856 and 899–904.
For simplicity, we numbered the segment 707–712.

We evaluated the crystallization potentials of synthesized
l- and d-enantiomers of GSTSTA (Supplementary Fig. S2)
compared with that of their racemic mixture by performing
high-throughput crystallization trials and monitoring crystal
growth. Most crystals appeared within two weeks of the start
of each trial. In some conditions crystallization was observed
as early as 3 h after the start of the trial. Racemic mixtures
produced a greater number of successful crystallization
conditions across a broad variety of trials (Supplementary Fig.
S3). The number of successful conditions that were identified
for racemic mixtures outpaced those identified for each
enantiomer alone (Supplementary Fig. S3), which is consistent
with previous predictions (Yeates & Kent, 2012). In conditions
in which both racemic and single-enantiomer crystals grew,
racemic crystals appeared sooner (Supplementary Fig. S3).
Minor differences in the speed of crystal appearance and the
total number of conditions with identifiable crystals were also
seen between l- and d-enantiomers. Fewer conditions were
found to produce d-enantiomer crystals across all trials
(Supplementary Fig. S3). These differences may have been a
consequence of subtle inequities in the amount of residual
trifluoracetic acid (TFA) associated with each enantiomer in
lyophilized powders. These effects may have been magnified
by the relatively high concentrations of peptide required for
crystallization of these segments ("100–150 mM).

The crystallization conditions chosen for structure deter-
mination of homochiral GSTSTA (l-GSTSTA) and racemic
GSTSTA (dl-GSTSTA) yielded a high density of well ordered
microcrystals, each with a unique powder diffraction pattern,
indicating they had formed distinct structures (Supplementary
Fig. S4). Microcrystals were optimized from these conditions
for microfocal X-ray diffraction; unoptimized batch conditions
yielded nanocrystal slurries that were directly suitable for
MicroED. Since the powder diffraction patterns of homochiral
GSTSTA crystals were identical for both enantiomers
(Supplementary Fig. S4), we focused our investigation on the
l-enantiomer.

3.2. Ab initio structure determination of L-GSTSTA

We optimized crystals of l-GSTSTA for microfocal X-ray
diffraction, starting from dense needle clusters and ending
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with single needles (Supplementary Fig. S5). Crystals grown in
batch were monodisperse rods of 1–10 mm in length and 100–
500 mm in width; these diffracted to approximately 0.9 Å
resolution by MicroED (Fig. 1). X-ray diffraction from a single
crystal of l-GSTSTA yielded a 91.7% complete data set to
approximately 1.1 Å resolution (Supplementary Table S1),
while data sets from three crystals of l-GSTSTA obtained by
MicroED were merged to achieve a data set with an overall
completeness of 86.4% at 0.9 Å resolution. It is important to
note that the X-ray data in this case were limited by the
detector geometry, which could be adjusted to facilitate
slightly higher resolution. Atomic structure solutions were
determined for l-GSTSTA from both microfocal X-ray and
MicroED data by direct methods (Sheldrick, 2008; Supple-
mentary Fig. S6).

After 50 000 trials, SHELXD yielded correlation figures of
merit (CFOMs) of greater than 80 for both X-ray diffraction
and MicroED data (Supplementary Fig. S6; Sawaya et al.,
2016). The initial l-GSTSTA solution with the highest CFOM
shows 33 atoms for the X-ray data set and 36 atoms for the
MicroED data set (Fig. 2a and Supplementary Fig. S7). During
refinement, the number of atoms in the X-ray structure
increased to 36 peptide atoms and one bound water
(Supplementary Fig. S7). The final solution achieved from the
0.9 Å resolution MicroED data also contained 36 atoms in the
peptide chain and one water molecule (Fig. 2a).

3.3. Ab initio structure determination of racemic GSTSTA
from centrosymmetric crystals

Like the enantiomerically pure crystals of GSTSTA, crystals
of racemic GSTSTA started as dense needle clusters and were
optimized to single needles, and diffracted as single crystals on
a microfocal X-ray source (Supplementary Fig. S5). Batch
crystals of racemic GSTSTA were also rod-shaped and were
several micrometres in length and a few hundred nanometres
in thickness (Fig. 1). These were immediately suitable for
MicroED and diffracted to approximately 0.9 Å resolution
(Fig. 1). Data from a single crystal obtained by X-ray
diffraction produced a 93.7% complete data set at 1.1 Å
resolution, while MicroED data from two nanocrystals of
racemic GSTSTA were merged to reach an overall
completeness of 77.4% at 0.9 Å resolution (Supplementary
Table S1). Initial atomic structure solutions for racemic
GSTSTA were obtained by direct methods (Sheldrick, 2008;
Fig. 2b and Supplementary Fig. S7).

As with l-GSTSTA, solutions for the racemic crystals
yielded correlation figures of merit (CFOMs) of greater than
80 after 50 000 trials (Supplementary Fig. S6). A comparison
of the racemic GSTSTA and l-GSTSTA data sets indicated
that a higher number of potentially correct solutions were
found for the racemic GSTSTA data (Supplementary Fig. S6).
The MicroED data show a distribution of CFOM values that is
shifted towards higher values, even when truncated to 1.1 Å
resolution to match the resolution of the X-ray data sets.
However, the most dramatic shift in this distribution is evident
at 0.9 Å resolution (Supplementary Fig. S6).

Initial solutions with the highest CFOM show a total of 35
peptide atoms and four waters for the structure determined
from X-ray data, and a total of 36 peptide atoms and one water
for that determined by MicroED (Fig. 2b). During refinement,
the number of peptide atoms in the X-ray structure increased
to 36 (Supplementary Fig. S7), while the MicroED structure
gained two waters (Fig. 2b). Linear regression of observed to
calculated structure factors for the MicroED data shows an R
value of 0.94 and a slope of 0.97 for data reduced in space
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Figure 1
Single diffraction patterns of homochiral l-GSTSTA (a) and racemic
GSTSTA (b) measured during continuous-rotation MicroED data
collection. Each pattern corresponds to a 0.6" wedge (a) or a 0.9" wedge
(b) of reciprocal space. Black insets show overfocused diffraction images
of the crystals used for diffraction; blue squares correspond to magnified
regions (blue insets) of the pattern that show diffraction at sub-0.9 Å
resolution (black arrows). Resolution circles are indicated by rings; scale
bars are 2 mm in length.



 229 

 
  

group P1 (Fig. 3c). These values are in good agreement with
those obtained by microfocal X-ray diffraction (Supplemen-
tary Fig. S11c) and indicate a good fit between model and
measurement for the racemic GSTSTA structure.

3.4. Paired comparison of Fourier magnitudes measured by
X-ray crystallography or MicroED

A comparison between the X-ray and MicroED data sets
for homochiral crystals of GSTSTA shows that these two types
of measurement are in close agreement (Supplementary Figs.
S8 and S9), although slightly higher merge errors are observed
in the MicroED data across resolution bins (Supplementary
Table S2). A direct comparison of Fourier magnitudes for
paired reflections between these data sets is fitted by a line
with a slope of 0.921 and an R value of 0.826 (Supplementary
Fig. S8). In contrast, the comparison between X-ray and
MicroED data for racemic GSTSTA shows a greater differ-
ence between the two sets and a lower R value for the best-fit
line comparing the Fourier magnitudes of paired X-ray and
MicroED reflections (Supplementary Figs. S8 and S10). This
difference is likely to be owing to a lack of isomorphism
between the unit cells of the racemic GSTSTA crystals used
for MicroED data collection versus X-ray data collection. The
unit-cell parameters for racemic GSTSTA crystals obtained by
MicroED and microfocal X-ray crystallography were a = 15.23,
b = 9.29, c = 21.06 Å, != 90.0, "= 108.2, # = 90.0! and a = 14.03,
b = 9.22, c = 20.77 Å, ! = 90.0, " = 104.5, # = 90.0!, respectively
(Supplementary Table S1).

3.5. Phase restriction in centrosymmetric crystals evaluated
by MicroED

Data from racemic GSTSTA crystals obtained by MicroED
and reduced in the centrosymmetric space group P21/c satisfy
refinement with imposed phases of 0 or 180!. The refinement
of data from the same crystals reduced in space group P1
results in similar residuals to those obtained for space group
P21/c (Supplementary Table S1). The
phases that result from refinement of
this structure against data reduced in
space group P1 appear to be bilaterally
distributed around 0 and 180! (Fig. 3a).
Collapse of this bimodal phase distri-
bution around n$ yields a standard
deviation of 34.3! (Fig. 3). When the
same procedure is applied to data
collected from racemic GSTSTA crys-
tals by X-ray diffraction, a similar trend
appears: a normal distribution around
n$ with a standard deviation of 34.4!

(Supplementary Fig. S11). Bragg
reflections that appear in disallowed
regions of phase space (90 and 270!) for
both MicroED and X-ray diffraction
data are generally weakest (Fig. 3 and
Supplementary Fig. S11). This suggests
that the primary source of phase error

in MicroED data, as with X-ray diffraction, may come from
noisy or weak reflections.

3.6. Structure of L-GSTSTA

l-GSTSTA assembles into antiparallel in-register "-sheets
that mate to form a protofibril (Fig. 4a and Supplementary
Figs. S12 and S13). The sheets are buckled, compressing the
fibril along its length with strands spaced approximately 4.6 Å
apart (Fig. 4a and Supplementary Fig. S14), closer than the
typical 4.7–4.8 Å spacings seen in amyloid protofibrils
(Sawaya et al., 2007). This spacing equates to half of the
l-GSTSTA cell edge along the a axis: approximately 9.2 Å
(Supplementary Table S1). To accommodate this compression,
the strands tilt approximately 17! with respect to the fibril axis
in alternating directions along a sheet, allowing the amides to
lie askew from the fibril axis (Supplementary Fig. S14) while
maintaining hydrogen bonding along the protofibril axis
(Supplementary Table S3). Side chains between neighboring
sheets tightly interdigitate to create a close packing within the
fibril (Supplementary Fig. S12); the inter-sheet distances range
from 5 to 7 Å. The interface created at the fibril core is small,
with 229 Å2 of buried surface area, but shows a relatively high
degree of shape complementarity (Sc = 0.75; Lawrence &
Colman, 1993). The l-GSTSTA protofibril appears tightly
restrained within the crystal structure, as shown by a mean B
factor of 0.92 Å2. The modeled water molecule also appears to
be well ordered, particularly in the structure of l-GSTSTA
determined by MicroED, where it has a B factor of 3.28 Å2.
The single coordinated water is hydrogen-bonded to Ser708,
the C-terminus of a symmetry-related strand and the back-
bone of Thr709 in the mating sheet (Fig. 4, Supplementary
Figs. S12 and S13, and Supplementary Table S4).

3.7. Structure of racemic GSTSTA

In crystals of racemic GSTSTA, homochiral strands stack to
form single-enantiomer antiparallel "-sheets (Fig. 4b and
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Figure 2
Ab initio structures and electrostatic potential maps of l-GSTSTA (a) and racemic GSTSTA (b).
Each map in (a) is overlaid onto the initial atomic coordinates calculated by SHELXD from
MicroED data. Each map in (b) is overlaid onto its corresponding refined model. The 2Fo# Fc map
represented by the black mesh is contoured at 1.2%. Green and red surfaces represent Fo# Fc maps
contoured at 3.0% and #3.0, respectively. Modeled waters are present as red spheres. The waters
modeled in the ab initio solution in (a) and the refined structure in (b) are related by symmetry.
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Supplementary Fig. S13). Like the homochiral l-GSTSTA
sheets, the racemic GSTSTA sheets are buckled, with adjacent
strands spaced 4.6 Å apart along each sheet (Fig. 4b). In the
structure of racemic GSTSTA these sheets pack with alter-
nating chirality, whereby each racemic GSTSTA protofibril is
composed of one l-GSTSTA sheet and one d-GSTSTA sheet
(Fig. 4b). The packing of d-GSTSTA sheets against their
l-GSTSTA mates in the racemic fibril differs from that seen in
the homochiral fibrils of l-GSTSTA. An alignment of the two
protofibrils shows d-GSTSTA sheets displaced by approxi-
mately 5.3 Å compared with their corresponding l counter-
parts in the homochiral fibril (Fig. 4 and Supplementary Fig.
S15). As a result of this displacement, the sheets are spaced
farther apart (7–8 Å) in the racemic GSTSTA protofibril
(Fig. 4 and Supplementary Fig. S12).

The longer spacing between sheets in the racemic GSTSTA
protofibril is associated with bridging waters at its core
(Supplementary Fig. S12). These waters make extensive
contacts along the protofibril, with each hydrogen-bonding to
at least one residue (Fig. 4, Supplementary Fig. S13 and
Supplementary Table S4). Notably, the racemic GSTSTA
structure shows a distinct rotamer for Ser710, which appears

bound to an ordered water, unlike its equivalent residue in the
homochiral structure (Fig. 4, Supplementary S15 and
Supplementary Table S4). One water (water 1; Supplementary
Table S4) links Ser708 and Thr711 on the same d sheet while
also coordinating Ser708 of the adjacent l sheet. This water is
isolated from the other waters found within the structure. A
small network of waters near the protofibril core links the
carboxylate of one strand to Thr711 of a symmetry-related
strand (Fig. 4, Supplementary Table S4). As in the structure of
homochiral l-GSTSTA, the peptide atoms and bound waters
in racemic GSTSTA show low B factors.

4. Discussion

Ice nucleation by P. syringae is linked to the expression of
surface proteins, including InaZ (Wolber et al., 1986). While
full-length InaZ and InaZ fragments help to nucleate ice
(Green & Warren, 1985; Kobashigawa et al., 2005), individual
InaZ repeats do not (Han et al., 2017). However, at the high
concentrations required for crystallization, GSTSTA repeats
self-assemble into a protofibrillar structure of corrugated
!-sheets (Supplementary Fig. S14). Similar structures are
formed by both racemic GSTSTA and l-GSTSTA, and both
contain ordered waters bridging tightly packed antiparallel
!-sheets (Fig. 4, Supplementary Figs. S12 and S13). These
waters may play a role in helping to stabilize the GSTSTA
protofibril or could act as bridges or templates for solvent
ordering at low temperatures. While we have no evidence to
suggest that GSTXT(A/S) repeats facilitate the formation of
amyloid-like InaZ protofibrils, our structures of GSTSTA
present an opportunity to analyze the interactions between
polar residues in InaZ repeats and ordered solvent molecules
at atomic resolution.

The structures of entantiomerically pure and racemic
GSTSTA present a platform for the comparison of homochiral
and racemic amyloid protofibrils (Supplementary Fig. S16). To
evaluate the packing of each GSTSTA protofibril, we look at
the categorization of strand packing in amyloid fibrils through
homosteric zipper classes, which were first proposed by
Sawaya et al. (2007) and later by Stroud (2013). Many of these
classes have been experimentally observed in amyloid crystals
(Nelson et al., 2005; Sawaya et al., 2007). Homochiral GSTSTA
forms a class 8 zipper in which two in-register, antiparallel
!-sheets meet, related by a 180! rotation normal to the
protofibril growth axis (Sawaya et al., 2007; Stroud, 2013). The
racemic GSTSTA structure resembles a class 8 zipper but is
distinct in that two sheets of opposite handedness come
together to form the protofibril (Supplementary Fig. S16).
Because of this similarity to a class 8 zipper, we label this
arrangement class 8 bar (Supplementary Fig. S16).

The increased propensity for crystallization by racemic
mixtures could be exploited to facilitate the growth of amyloid
crystals. The symmetry present in racemic amyloid crystals
would have to accommodate the packing of homochiral
protofibrils into the racemic structure or allow the formation
of racemic protofibrils (Yeates & Kent, 2012), as is the case
with GSTSTA. Our experiments in high-throughput crystallo-
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Figure 3
(a) The calculated phase associated with each reflection in the P1
refinement of racemic GSTSTA data obtained by MicroED was analyzed
and plotted as a histogram along the unit circle. (b) The magnitude of
each reflection is plotted as a function of the absolute value of its
associated phase. (c) A plot of Fo versus Fc values for each reflection in
this data set shows a distribution that can be fitted by linear regression,
shown as a red line, with slope m = 0.97 and R value 0.95.
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graphic trials of GSTSTA confirm the expected higher
propensity for crystallization of racemic mixtures (Yeates &
Kent, 2012; Supplementary Fig. S3), yielding a high number of
conditions that contain submicrometre-sized crystals suitable
for MicroED. The facile determination of ab initio structures
from these crystals demonstrates how MicroED combined
with solid-phase polypeptide synthesis (Dawson et al., 1994;
Merrifield, 1986) can expand the reach of racemic crystallo-
graphy to submicrometre-sized crystals.
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Figure 4
Views of protofibrils of l-GSTSTA (a) and racemic GSTSTA (b) represented by a pair of sheets with a view down the protofibril axis; both structures
were derived by MicroED. A 90" rotation shows a side view of the protofibril with strands stacked along each sheet in an antiparallel fashion. Another
90" rotation shows a side view of the protofibril along the strand axis, showing a buckling of each sheet owing to the tilting of strands away from or
towards the protofibril axis. Chains are colored such that blue represents l-peptides while magenta represents d-peptides. Lighter and darker shades of
each color differentiate the orientations of strands within a sheet. Ordered waters found in each asymmetric unit are indicated by colored squares that
correspond to the insets of matching colors. The insets show magnified views of each water molecule, with hydrogen bonds represented by yellow dashed
lines and labeled with their corresponding distances in Å.
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Table S1 Crystallographic data collection and refinement statistics. 

Values in parentheses are for the highest-resolution shell. All modelled waters have an occupancy of 1 after 

refinement. 

Crystal L-GSTSTA 
 

Racemic GSTSTA   

Data collection         

  Beam Type x-ray electron x-ray electron 

  Space group P212121 P212121 P21/C P21/C 

  Cell dimensions        

       a, b, c (Å) 9.21 11.98 22.80 9.19 11.89 22.43 15.23 9.29 21.06 14.03 9.22 20.77 

       α, β, γ (°)  90.0 90.0 90.0 90.0 90.0 90.0 90.0 108.2 90.0 90.0 104.5 90.0 

  Resolution limit (Å) 1.1 (1.14–1.1) 0.90 (0.93–0.90) 1.1 (1.14–1.1) 0.9 (0.93–0.90) 

  Wavelength (Å) 0.979 0.0251 0.979 0.0251 

  No. of crystals merged 1 3 1 2 

  Rmerge 0.125 (0.241) 0.1618 (0.3651) 0.076 (0.163) 0.128 (0.352) 

  Rmeas 0.136 (0.265) 0.185 (0.422) 0.094 (0.206) 0.151 (0.411) 

  Rpim 0.053 (0.108) 0.084 (0.200) 0.053 (0.123) 0.078 (0.207) 

  I/σI 10.6 (6.7) 5.52 (2.60) 6.99 (2.98) 5.46 (2.47) 

  CC1/2  0.99 (0.99) 0.99 (0.74) 0.99 (0.99) 0.99 (0.96) 

  Completeness (%) 91.7 (72.7) 86.4 (80.0) 93.7 (82.4) 77.4 (78.4) 

  No. reflections 7054 (516) 7494 (624) 5980 (477) 9884 (963) 

  No. unique reflections 1079 (80) 1750 (164) 2097 (191) 2906 (304) 

  Multiplicity 6.5 (6.5) 4.3 (3.8) 2.9 (2.5) 3.4 (3.2) 

         

Refinement        

  Resolution range (Å) 11.4-1.1 (1.14-1.1) 7.1-0.90 (0.94-0.9) 14.4-1.1 (1.14-1.1) 7.6-0.90 (0.94-0.9) 

  No. of Reflections 

(work) 

968 (72) 1573 (16) 1873 (168) 2607 (274) 

  R-work 0.061 (0.078) 0.217 (0.305) 0.199 (0.342) 0.233 (0.311) 

  R-free 0.069 (0.087) 0.232 (0.287) 0.237 (0.311) 0.252 (0.421) 

  CC(work) 0.997 (0.995) 0.940 (0.786) 0.989 (0.897) 0.953 (0.862) 

  CC(free) 0.987 (1.000) 0.950 (0.744) 0.989 (0.725) 0.953 (0.706) 

No. of hydrogen atoms 31 31 31 31 

No. of non-hydrogen 

atoms 

37 37 40 39 

Peptide 36 36 36 36 

Water 1 1 4 3 

B-factors (Å2)        

     Peptide 1.77 0.92 9.17 2.40 

     Water 4.78 3.28 15.1 20.81 
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Rms deviations        

     RMS(bonds, Å) 0.007 0.009 0.008 0.008 

     RMS(angles, °) 1.55 1.06 0.76 1.12 
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Table S2 Data reduction statistics for homochiral and racemic GSTSTA crystals for microfocal x-

ray diffraction and MicroED. 

 Resolution Number of Reflections  R-Factor     

 Limit Observed Unique Possible Completeness Observed Expected Compared I/V Rmeas CC(1/2) 

Racemic GSTSTA 
MicroED 
 1.79 1149 357 471 75.8% 8.4% 9.1% 1146 9.94 10.0% 99.1* 
 1.43 1230 363 470 77.2% 13.4% 12.3% 1226 7.67 15.8% 98.1* 
 1.25 1248 364 473 77.0% 15.0% 15.6% 1242 6.07 17.6% 98.9* 
 1.13 1238 358 459 78.0% 14.5% 15.4% 1233 5.41 17.1% 99.2* 
 1.05 1252 360 462 77.9% 16.9% 18.5% 1242 5.20 19.7% 98.1* 
 0.99 1271 360 466 77.3% 24.0% 26.3% 1262 3.99 27.9% 98.2* 
 0.94 1288 366 458 79.9% 35.4% 40.1% 1283 3.12 41.5% 90.3* 
 0.90 1208 378 487 77.6% 36.3% 44.3% 1149 2.45 42.6% 94.3* 
 total 9884 2906 3746 77.6% 12.8% 13.6% 9783 5.46 15.1% 99.1* 
Microfocal x-ray  
 1.79 1484 506 514 98.4% 6.7% 7.3% 1442 12.25 8.2% 99.5* 
 1.43 1364 481 508 94.7% 9.0% 9.3% 1315 7.94 11.1% 99.3* 
 1.25 1355 469 502 93.4% 13.1% 13.3% 1309 5.15 15.8% 99.3* 
 1.13 1459 509 541 94.1% 15.2% 16.0% 1415 3.66 18.7% 99.5* 
 1.10 318 132 164 80.5% 19.8% 18.7% 292 2.70 25.2% 99.4* 
 total 5980 2097 2229 94.1% 7.6% 8.2% 5773 6.99 9.4% 99.6* 

L-GSTSTA 
MicroED 
 1.80 902 237 298 79.5% 9.8% 12.2% 896 9.12 11.3% 99.2* 
 1.43 972 229 261 87.7% 16.4% 15.8% 965 7.25 18.6% 96.7* 
 1.25 974 223 254 87.8% 20.2% 19.3% 965 6.32 23.1% 94.4* 
 1.14 952 219 251 87.3% 21.0% 21.6% 949 5.46 23.8% 95.5* 
 1.05 992 218 245 89.0% 22.6% 23.7% 981 4.96 25.4% 96.1* 
 0.99 944 211 243 86.8% 22.8% 27.0% 938 4.25 25.8% 97.2* 
 0.94 972 216 241 89.6% 35.4% 39.1% 962 3.42 40.3% 70.2* 
 0.90 800 205 250 82.0% 37.8% 45.7% 775 2.61 43.5% 71.0* 
 total 7508 1758 2043 86.0% 16.2% 17.9% 7431 5.50 18.5% 99.2* 
Microfocal x-ray  
 1.80 1768 290 304 95.4% 8.7% 9.7% 1757 14.25 9.7% 98.8* 
 1.43 1681 254 270 94.1% 14.5% 14.3% 1677 10.57 15.7% 98.8* 
 1.25 1666 246 263 93.5% 18.7% 17.7% 1662 9.15 20.3% 98.0* 
 1.134 1423 220 239 92.1% 21.1% 19.4% 1413 7.92 23.0% 97.2* 
 1.10 540 83 116 71.6% 23.7% 23.5% 539 6.86 26.1% 98.4* 
 total 7078 1093 1192 91.7% 12.5% 12.7% 7048 10.41 13.6% 98.8* 
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Table S3 Hydrogen bonding between adjacent strands in homochiral L-GSTSTA sheets.  

Peptide donor and acceptors are denoted as: chain name followed by a three-digit residue number and the 

associated three letter code. This table includes only unique hydrogen bonds between strands in a single beta 

sheet along the protofibril axis. All distances are measured in Ångströms, angles in degrees. 

Donor 
Name 

Atom 
Type 

Acceptor 
Name 

Atom 
Type 

DA dist. Type CA to 
CA dist. 

DHA 
angle 

H-A Dist. H-A-AA 
angle 

D-A-AA 
angle B707-Gly N A712-Ala O 2.80 MM 5.1 165.5 1.80 139.8 144.7 

A712-Ala N B707-Gly O 2.95 MM 5.1 153.1 2.03 140.6 142.1 
B709-Thr N A710-Ser O 2.97 MM 5.2 154.6 2.04 139.6 146.2 
A710-Ser N B709-Thr O 2.82 MM 5.2 151.3 1.90 147.2 157.0 
A709-Thr OG1 B710-Ser OG 3.40 SS 4.1 153.7 2.48 94.0 99.2 
B711-Thr N A708-Ser O 2.89 MM 5.0 144.8 2.01 128.8 139.2 
A708-Ser N B711-Thr O 2.92 MM 5.0 154.7 1.98 137.6 138.0 
B711-Thr OG1 A708-Ser OG 2.68 SS 5.0 165.0 1.70 130.4 125.4 

 

  



 237 

  

 

 

IUCrJ (2019). 6,  doi:10.1107/S2052252518017621        Supporting information, sup-5 

 

Table S4 Hydrogen bonds of modelled waters in homochiral and racemic GSTSTA structures. 

Peptide donor and acceptor names are abbreviated as the chain name followed by a three-digit residue number, a 

dash, and the associated three letter code. All hydrogen bonds in the table include a water as a donor or acceptor 

and are restricted to waters found in one asymmetric unit. All distances are measured in ångströms, angles in 

degrees. Only hydrogen bonds with distances below 3.2 Å are listed. The list includes potential hydrogen 

bonding partners, though not all might be satisfied at a time for a given atom. 

Donor Name Atom Type Acceptor Name Atom Type DA dist. D-A-AA angle 
L- GSTSTA, X-Ray          
Water 1 O A709-Thr O 2.84 113.9 
Water 1 O C712-Ala O 2.78 109.1 
B708-Ser OG1 Water 1 O 2.72   
Racemic GSTSTA, X-Ray          
Water 1 O A709-Thr O 2.93 121.1 
B708-Ser OG1 Water 1 O 2.82   
B710-Ser OG1 Water 1 O 2.85   
Water 2 O G712-D-Ala O 2.89 107.2 
Water 2 O Water 3 O 2.71   
E711-D-Thr OG1 Water 2 O 2.93   
Water 3 O Water 4 O 2.94   
Water 3 O E712-D-Ala O 2.86 102.6 
H707-Gly N Water 3 O 2.80   
C709-Thr OG1 Water 3 O 2.67   
Water 4 O C708-Ser O 2.78 122.3 
Water 4 O B711-Thr O 2.89 127.8 
H707-Gly N Water 4 O 2.90   
C709-Thr OG1 Water 4 O 3.02   
L-GSTSTA, MicroED          
Water 1 O D712-Ala O 2.66 112.7 
Water 1 O B709-Thr O 2.76 113.3 
A708-Ser OG1 Water 1 O 2.76   
Racemic GSTSTA, MicroED          
Water 1 O E711-D-Thr OG1 2.81 126.9 
D708-D-Ser OG1 Water 1 O 2.42   
B708-Ser OG1 Water 1 O 2.76   
Water 2 O Water 3 O 3.05   
Water 2 O G712-D-Ala O 2.87  107.4 
E711-D-Thr OG1 Water 2 O 2.76   
Water 3 O H712-D-Ala O 2.62 108.1 
H707-Gly N Water 3 O 2.93   
C709-Thr OG1 Water 3 O 2.34   
B710-Ser OG1 Water 3 O 2.71   
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Figure S1 Sequence of the ice nucleation protein InaZ is shown with its degenerate hexameric 

repeats highlighted as follows: GSTGTA (yellow), GSTQTA (cyan), GSTSTA (magenta), and 

GSTQTS (green). The propensity for the hexamers to form steric zippers is shown on the left as 

Rosetta energy scores, determined by ZipperDB (Goldschmidt et al., 2010). This list of repeats is 

limited to those with Rosetta energy lower than -20 that containing at least two threonine residues and 

appear with frequency greater than or equal to five across the InaZ sequence. 
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Figure S2 The mass trace of L-GSTSTA (A), purchased from Genscript, shows a [M+H]+ peak of 

523.30 g/mol (expected 523.22) and a dimer [M+M+H]+ peak of 1045.6 g/mol (expected 1045.44). D-

GSTSTA was synthesized and purified in-house by reverse-phase HPLC (B). The cyan shaded region 

highlights the HPLC fraction collected and lyophilized for crystallization experiments. The mass 

spectrum of D-GSTSTA (C) shows a [M+H]+ peak of 523.24 g/mol (expected 523.22) and a [M+Na]+ 

peak of 545.23 g/mol (expected 545.22). 
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Figure S3 The number of successful crystallization trials in the 96-well crystal screens for L-

GSTSTA, D-GSTSTA, and racemic GSTSTA were monitored and converted to heatmaps. Each well 

contained three hanging drops, each with different protein to buffer ratios. A count of crystals found 

in each of these three conditions was given a score from 0 to 3. No crystals in drops (black), one drop 

with crystals (red), two drops with crystals (orange), crystals in all three drops (yellow). The initial 

time point was three hours after setting up the screens (day 0), with data points collected up to 11 days 

post-setup. 
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Figure S4 Comparison of powder diffraction patterns measured from L-GSTSTA (left), D-

GSTSTA (right), and racemic GSTSTA (top) slurries show differences across all resolutions. Both 

patterns show faint rings at approximately 4.6Å, representing the approximate distance between 

strands along the fibril axis. The racemic pattern contains a prominent reflection at ~7.1Å, 

representative of overall sheet-to-sheet distances in its structure. 
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Figure S5 Single diffraction patterns of homochiral L-GSTSTA (A) or racemic GSTSTA (B) 

measured during continuous vector scanning, microfocus x-ray data collection. Each pattern 

corresponds to a 5o wedge (A) or 2.5o wedge (B) of reciprocal space. Black insets show in-line images 

of the crystals that were diffracted; blue squares correspond to magnified regions (blue insets) of the 

pattern that show diffraction near the detector edge at approximately 1.1Å resolution (black arrows). 

Resolution circles are indicated by rings; scale bars are 50 to 100 µm for L-GSTSTA and racemic 

GSTSTA, respectively. 
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Figure S6 Histograms of the combined figure of merit (CFOM) scores for 50,000 trials by 

SHELXD indicate the approximate frequency of correct solutions. The shaded region in each plot, 

where CFOM scores are greater than 80, represents an area in which solutions have a high probability 

of being correct. Two sets of plots were generated from MicroED data: results of attempts using a 

truncated dataset that matches the resolution of the x-ray data (1.1Å) are shown in middle panels, 

while bottom panels show results of attempts using the measured resolution (0.9Å) for that data. 
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Figure S7 Ab Initio structures and electron density maps of L-GSTSTA (A) or racemic GSTSTA 

(B). Each map is in A is overlaid onto the initial atomic coordinates calculated by SHELXD from x-

ray diffraction data. Each map in B is overlaid onto its corresponding refined model. The 2Fo-Fc map 

represented by the black mesh is contoured at 1.2 σ. Green and red surfaces represent the Fo-Fc maps 

contoured at 3.0 and -3.0 σ. Modelled waters are present as red spheres. 
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Figure S8 A plot of magnitudes (F) compared between reflections in datasets collected from 

homochiral crystals (left) or racemic crystals (right) by either electron or x-ray scattering shows a 

distribution that can be fit by linear regression, indicated by red lines with slope (m) and R-value.  
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Figure S9  HKL Zone analysis for crystals of L-GSTSTA. Fourier magnitudes are shown as 

displayed by the HKL view software for reflections along principal zones of the reciprocal lattice. 

Zones where l=0 (left), k=0 (middle), h=0 (right) are shown for merged data collected by x-ray (top) 

and electron (bottom) diffraction. The black circle in each zone plot represents a resolution of 1.1Å; 

zone axes are labeled in red. 
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Figure S10  HKL Zone analysis for crystals of racemic GSTSTA. Fourier magnitudes are shown as 

displayed by the HKL view software for reflections along principal zones of the reciprocal lattice. 

Zones where l=0 (left), k=0 (middle), h=0 (right) are shown for merged data collected by x-ray (top) 

and electron (bottom) diffraction. The black circle in each zone plot represents a resolution of 1.1Å; 

zone axes are labeled in red. 
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Figure S11  (A) The calculated phase associated with each reflection in the P1 refinement of racemic 

GSTSTA data obtained by x-ray diffraction was analyzed and plotted as a histogram along the unit 

circle. (B) The magnitude of each reflection is plotted as a function of the absolute value of its 

associated phase. (C) A plot of Fo vs. Fc values for each reflection in this data set shows a distribution 

that can be fit by linear regression, shown as a red line with slope m=0.987 and R-value 0.986. 
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Figure S12  Views down the a-axis of L-GSTSTA (A) and racemic GSTSTA (B) structures are 

enclosed in green by their respective unit cells. L-GSTSTA strands are colored blue while D-

GSTSTA strands are colored magenta. The volumes occupied by each structure are shown in white 

with edges defined by the shaded grey regions. Space-fill models represent the solvent accessible 

surface; ordered waters are represented by van der Waals radii of 1.4Å. 
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Figure S13   Views of protofibrils of L-GSTSTA (A) and racemic GSTSTA (B) represented by pair 

of sheets with a view down the protofibril axis; both structures derived by x-ray diffraction. A 90o 

rotation shows a side view of the protofibril with strands stacked along each sheet in an antiparallel 

fashion. Another 90o rotation shows a side view of the protofibril along the strand axis, showing a 

buckling of each sheet due to the tilting of strands away from or toward the protofibril axis. Chains 

colored such that blue represent L-peptides while magenta represents D-peptides. Lighter and darker 

shades of each color differentiate the orientation of strands within a sheet. Ordered waters found in 

each asymmetric unit are indicated by colored squares that correspond to insets of matching colors. 

Insets show magnified views of each water molecule with hydrogen bonds represented by the yellow 

dashed lines, labelled with their corresponding distances in Å 
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Figure S14   Beta sheets in the structure of L-GSTSTA have an inter-strand distance of 4.6Å with 

amide carbonyls angled away from the protofibril axis by approximately 17° (left). Canonical beta 

sheets formed by the yeast prion segment L-GNNQNNY (RCSB PDB: 1YJP) show inter-strand 

distance of 4.8Å and a near 0° deviation of amide hydrogen bonding down the protofibril axis (center) 

(Nelson et al., 2005). An overlay (right) illustrates compaction of the L-GSTSTA sheet along its 

length compared to a sheet formed by L-GNNQQNY. 
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Figure S15   Pairs of mated strands representing the homochiral and racemic protofibrils of 

GSTSTA. Alignment of these protofibrils based on a common L-GSTSTA sheet shows a 

displacement of their paired sheet. The RMSD between the common L-GSTSTA sheets is 0.23 Å, 

while that between the pairing L and D sheets of the homochiral and racemic protofibrils is 5.3 Å. L-

GSTSTA strands are colored blue and purple while D-GSTSTA is colored magenta. 
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Figure S16  Eight new potential steric zipper classes are enabled by racemic assemblies. All new 

classes are based on those originally described in Sawaya et al. (Sawaya et al., 2007) but now contain 

a mirror plane, a glide plane, or an inversion center. Strands are represented by left and right hands, 

each equivalent to the enantiomers present in a zipper class. The asymmetry of side chains on either 

side of a strand is portrayed by the palm and back of each hand. The up or down orientation of the 

thumbs and the direction in which the fingers point indicates the direction of each strand. An arrow 

indicates the axis of fibril growth, which here is coincident with the y direction. While additional 

symmetry classes with racemic mixtures are possible, only eight are illustrated here. 
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Review Article

Data-driven challenges and opportunities in
crystallography
Calina Glynn and Jose A. Rodriguez
Department of Chemistry and Biochemistry, UCLA-DOE Institute for Genomics and Proteomics, University of California, Los Angeles (UCLA), Los Angeles, CA 90095, U.S.A

Correspondence: Jose A. Rodriguez ( jrodriguez@mbi.ucla.edu)

Structural biology is in the midst of a revolution fueled by faster and more powerful instru-
ments capable of delivering orders of magnitude more data than their predecessors. This
increased pace in data gathering introduces new experimental and computational chal-
lenges, frustrating real-time processing and interpretation of data and requiring long-term
solutions for data archival and retrieval. This combination of challenges and opportunities
is driving the exploration of new areas of structural biology, including studies of macro-
molecular dynamics and the investigation of molecular ensembles in search of a better
understanding of conformational landscapes. The next generation of instruments pro-
mises to yield even greater data rates, requiring a concerted effort by institutions, centers
and individuals to extract meaning from every bit and make data accessible to the com-
munity at large, facilitating data mining efforts by individuals or groups as analysis tools
improve.

Introduction
The crystallographic analysis of macromolecules is increasingly dependent on data-driven approaches
[1]. Growing data output is a central feature of the new tools that facilitate crystallographic analysis.
These include ultra-bright ultra-fast X-ray sources, upgraded synchrotron facilities and accessible
instruments for routine electron diffraction. Single experiments can now yield gigabytes or terabytes
of data from one or more samples allowing unprecedented exploration of ultra-fast processes or from
increasingly small crystallites [2–4]. Here, we discuss two areas of rapid growth in structural biology
that are increasingly reliant on large-scale data gathering: serial X-ray crystallography [1,5,6] and elec-
tron crystallography of micro and nanocrystals [7–10]. While other structural biology approaches are
without a doubt also reliant on large datasets [11], data demands in crystallography are rapidly
growing. We focus on these two closely related crystallographic approaches and their evolution from
conventional data gathering to large-scale data collection and analysis.
While the two crystallographic approaches we highlight are somewhat similar, some key differences

are important to note. Most of the X-ray crystallography measurements we describe are performed in
a small number of large, government-funded facilities with staff and computational infrastructure
matched to the scale of the experiment. In contrast, electron diffraction efforts are generally driven by
individual groups and are implemented across a large number of small-scale facilities. Nonetheless,
data collected by each approach is largely sparse and must be reduced to a small set of measurements
for structure determination. The focus of this review is, therefore, the challenge of data reduction and
the extraction of information from large sets of individual diffraction patterns belonging to one or
more crystals.
Conventional X-ray crystallography efforts set the stage for the analysis of this type of data by estab-

lishing methods for routine data collection and processing from macro-scale crystals. The success of
these approaches has yielded a consistently high number of structures deposited in the protein data
bank (PDB) per year, a number that remains unmatched by any other structural biology method
(Figure 1). Likewise, efforts in electron cryo-microscopy (cryoEM) [11–19] have established analogous
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pipelines for structure determination [11,19] that directly benefit electron crystallographic approaches [8],
giving rise to a growing number of deposited structures per year (Figure 1) as catalogued by the protein data
bank (PDB) [20].
The rise in structures determined by these new methods is accompanied by increasing challenges associated

with storage, analysis and accessibility of data [20–23]. The Electron Microscopy Public Image Archive has
been established to facilitate the public archival of electron microscopy and diffraction data [22]. Likewise, data
repositories like the coherent X-ray imaging data bank are providing resources for depositing the terabytes of
data collected at X-ray free electron laser facilities [23]. As the use of fast detectors grows routine in crystallog-
raphy, the number of sites worldwide collecting large datasets will place additional demands on these and
analogous resources.

Advances in X-ray diffraction
The advent of high brightness sources for crystallographic study of macromolecules took a quantum leap with
the development and introduction of ultra-bright, pulsed X-ray lasers [6,24,25]. While initially developed with

Figure 1. Number of structures deposited in the PDB per year [20].
(a) Structures deposited per year from 1985 to 2019 associated with all X-ray crystallographic methods, compared with
nuclear magnetic resonance (NMR) and electron cryo-microscopy (cryoEM). Each counted structure is associated with X-ray
crystallography (blue), NMR (pink) or electron microscopy (magenta). (b) A subset of structures deposited per year from 1990
to 2019 associated with serial X-ray crystallography or electron crystallography, including MicroED. Each counted structure is
associated with data collection by serial X-ray crystallography methods, including those acquired at X-ray free electron laser
facilities (purple), compared with those acquired by electron crystallography methods (orange).
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the goal of determining structures of single molecules, acquiring a signal before inducing a coulombic explosion
of each molecule [26,27], X-ray lasers have opened new doors for the crystallographic study of proteins and
nucleic acids [1,6,28]. The first structure published by this approach was that of photosystem I, for which more
than 3 million diffraction patterns were collected [2]. Among the first demonstrations of the feasibility of this
approach was an effort to demonstrate the routine ability to determine structures of proteins from crystal slur-
ries (Figure 2). This was demonstrated with the structure of lysozyme determined from a slurry of microcrystals
[29], although many other sample delivery strategies have since been demonstrated [30] (Figure 2). This new
kind of experiment, termed serial femtosecond crystallography (SFX) [2,6], allows the detection of high-
resolution diffraction from individual microcrystals micrometers on edge. Lysozyme crystals were delivered to
the 9.4 keV X-ray beam via a focused jet of liquid with a 10-micrometer focus, and out of 1.5 million individual
diffraction frames collected, about 12 000 were indexed and integrated to yield a high-resolution structure [29].
Diffraction frames measured the interaction of crystals with individual 40 or 5 femtosecond pulses at a rate of
120 Hz, yielding a data stream of gigabytes per minute [29]. This approach has now been applied to a whole
variety of samples, including entirely unknown structures, some of whose crystals are grown in cells [31–38]. A
key feature of this data-driven crystallographic approach is the ability to probe dynamics, capturing the atomic
scale motions within proteins [28,32,39,40].

Figure 2. Examples of data gathering by serial X-ray crystallography.
(a) Ultra-fast pulses of high energy X-rays are directed at a sample interaction region to which samples can be delivered by
varying means. Three methods of sample delivery are pictured: droplet-based delivery, stream or liquid-jet delivery, and fixed
target delivery, typically by a windowed device. Data from a train of patterns recorded from different crystals are combined to
yield one or more datasets that are used to determine a molecular structure. (b) Approaches that pursue multiple structures
from a single crystal can train an X-ray beam on particular locations on a crystal, collecting multiple datasets that can then be
combined or individually yield a structure. In this way, several structures can be obtained from a single crystal or a set of
similar crystals. This example illustrates determination of the monoclinic structure of EutL, PDB ID 4TLH.
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The latest generation of ultra-fast X-ray sources offers even greater throughput [41]. The megahertz X-ray
free electron laser facility, part of the European XFEL project, delivers 10 pulse trains of megahertz X-ray
sequences delivering up to 27 000 pulses per second [41]. However, efficiently utilizing a torrent of pulses pre-
sents a challenge for real-time processing and data storage. Diffraction produced by 50-pulse trains impinging
on crystals in a liquid jet every 100 milliseconds was captured by a megapixel Adaptive Gain Integrating Pixel
Detector [41,42]. A jet with flow rates of ∼50 m/s allows the fresh sample to be probed by the series of pulses
in each train and the recording of individual diffraction patterns within a train, with pulses in a train separated
by ∼900 ns [41].
Serial femtosecond crystallography inspired the adaptation of methods and technologies for serial data collec-

tion efforts at synchrotron beamlines [43–45]. There, millisecond timescale shutterless detection of the inter-
action between focused X-ray beams and a high viscosity crystal matrix or crystals held in fixed target mounts
has facilitated routine room-temperature determination of structures from thousands of diffraction patterns
within minutes to hours [43–46]. The large, fast detectors used in some of these experiments accelerate data
collection [47]; 18-megapixel images collected at high frame rates (50 Hz) allow the collection of a single
dataset in under 90 min [44]. Collection of room-temperature data at this rate in an accessible synchrotron
beamline has enabled high-resolution structure determination [45,48], including determination of structures de
novo and with bound ligands [44]. Acquisition frame rates of 50 Hz appear to improve the signal to noise, par-
ticularly at high resolution by allowing the collection of multiple diffraction patterns per crystal and the elimin-
ation of background from empty frames [44]. This was particularly advantageous for de novo structure
determination through the improved measurement of the anomalous signal [44]. Importantly, information
about ligand binding could be acquired from as few as 900 images (9 Gb) collected over a period of 5 min [44].
This opens the door to large-scale screening efforts for ligand binding at dedicated serial crystallography beam-
lines. This may be even further enabled by the development of compact X-ray sources that deliver high-
repetition bright X-ray beams in a facility with the footprint of a conventional laboratory [49].
A different type of serial crystallography experiment uses bright X-ray sources to expand the amount of data

collected from single crystals and extract more information out of each (Figure 2) [48,50,51]. These strategies
train an X-ray beam on particular regions of a crystal or collections of crystals, collecting a partial or full dataset
at each location (Figure 2). The data collected at each location can then be indexed and integrated, and the data
between sampled locations correlated to yield multiple datasets per crystal [51]. This approach is especially
advantageous when radiation damage is a challenge, and helps explore the possible conformational heterogen-
eity present within macro-scale crystals that may represent structural variations in their constituent proteins
[52]. In the simplest case, regions within a crystal can be non-isomorphous and distinguished by varying unit
cell parameters and described by a lattice distortion [51]. Combining data within isomorphous sets then allows
for a single structure to be determined per set (Figure 2), a comparison of the structures reveals conformational
differences that explain the lattice distortion [51]. With greater data sampling, the potential to mine differences
in crystal structures in search for conformational heterogeneity becomes increasingly possible. These
approaches, generally referred to as multiple structures from one crystal (MSOX), are not limited to spatial
heterogeneity in crystals, but can also add a temporal component to assess changes induced by radiation [50,53]
or changes due to environmental differences or molecular actions [54].

Advances in electron diffraction
Improvements to detector technology have played a major role in the interrogation of macromolecular struc-
tures from thin three-dimensional crystals by dramatically increasing the rate of accurate data gathering
[9,10,55]. The field of electron crystallography of three-dimensional microcrystallites (MicroED) is a marriage
of cryoEM sample manipulation and data collection with X-ray crystallography analysis for routine structure
determination of macromolecular structures [8]. The MicroED technique, initially demonstrated on the well-
known protein standard lysozyme [9], has now been successful in determining a variety of structures from
small molecules to macromolecular assemblies (Figure 1) [56–58]. To obtain electron diffraction from 3D
protein crystals, approaches like MicroED illuminate a sub-micron thick crystal with an extremely low-dose
electron beam (Figure 3). The signal from the illuminated crystal can be isolated from that of its surroundings
by means of a selected area aperture (Figure 3). Diffraction is then sampled from the selected area and recorded
either as a movie from a continuously rotating crystal (Figure 3) [59] or as a series of precession photographs
at discrete tilt angles [60]. Data is reduced by conventional crystallography approaches to yield integrated inten-
sities that can cover part or all of the reciprocal lattice, depending on crystal symmetry and the fraction of
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Bragg reflections obstructed by the supporting grid and holder (Figure 3). Structures are determined from this
data either by direct methods [61–63], when the resolution of the data is atomic (∼1.2 Å) or by molecular
replacement when a suitable probe exists [8]. Over one hundred macromolecular structures have now been
deposited in the PDB, determined by electron diffraction since 1990 (Figure 1). Nearly half of these are deter-
mined from 3D protein crystals, and add to a growing number of small molecule structures [64–67].
While the number of structures deposited into the PDB by MicroED is miniscule in comparison with X-ray

crystallography efforts (Figure 1), growth in the number of sites collecting MicroED data and the implementa-
tion of automation will pose a challenge for efforts promoting archival and access to raw data. This challenge is
most prominent for diffraction data collected on fast electron detectors [3,47], especially where multiple data-
sets must be combined to yield information about a single structure. The simplest of these experiments is one
where data from several tilt series is merged to create a single high completeness dataset [8,68], but even this
effort can be a challenge since the specific combination of datasets that yields the best merge is not known

Figure 3. Examples of data gathering by selected area or scanning electron diffraction.
(a) In a conventional electron diffraction experiment, a crystal and its surroundings are illuminated with a low-dose electron
beam. A selected area aperture samples diffraction from a portion or all of the illuminated crystal; diffraction patterns are
sampled continuously as the crystal is unidirectionally rotated within the electron beam. Integrated intensities from these
patterns populate a reciprocal lattice that is phased to determine a molecular structure. OL, objective lens; IL, intermediate
lenses; PL, projection lenses. (b) In scanning nanobeam electron diffraction, a focused electron beam is scanned across a
sample while diffraction patterns are recorded. Electrons scattered to high angle at each scan point are integrated by a dark
field detector (HAADF) to yield a visual representation of the sample, while electrons scattered to a lower angle travel through a
hole in that detector and are recorded by a fast readout, pixelated electron counting detector to yield a diffraction map of the
scanned region. Both panels show data collected from nanocrystals of a hexapeptide.
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a priori. In cases where polymorphism is high, and diffraction quality is highly variable between crystals,
obtaining a quality merge may require a collection of data from dozens or more individual crystals. Widespread
adoption of this approach necessitates methods for automation in data collection and processing [69,70].
Partial automation is already facilitating more complex experiments, including scanning nanobeam diffraction
where thousands of patterns are collected at a given orientation from a single crystallite (Figure 3) [3,71], and
serial crystallography experiments that combine diffraction from hundreds or thousands of crystallites using
SerialED software [69].
Scanning diffraction experiments are particularly data rich [3]. In a scanning electron diffraction experiment,

a focused electron beam is positioned at specific locations across a sample in a defined pattern (Figure 3),
analogous to the experiments performed when scanning an X-ray beam across a much larger crystal (Figure 2)
[51]. While the beam is positioned at each location for only a small fraction of a second, a diffraction pattern is
collected on a fast detector [72]. Data volume in scanning diffraction scales varies with the number of individ-
ual scan steps. Depending on the size of a scan area and the density of locations sampled, this procedure can
generate tens of thousands of diffraction patterns per scan, multiplied by the number of crystallite tilt angles
sampled (Figure 3). Data in each scan is plentiful, but information is sparse; each diffraction pattern in a scan
has few Bragg reflections, and each reflection may only be partially sampled [3]. This makes averaging over
similar patterns advantageous. Ultimately, all patterns containing a usable signal could be combined into a
single set of integrated intensities representing a subset or the whole of reciprocal space. By spatially linking
reciprocal space information to specific locations on a crystal, scanning diffraction offers a rich source of infor-
mation unavailable in a conventional crystallography experiment [3,51]. While a simple analysis of total
diffracted intensity can reveal regions of strong or weak diffraction within a crystal, more subtle changes in the
diffracted signal can be extracted by algorithms that compare deviations across patterns. Comparison of
patterns across a scan can ultimately reveal changes in lattice orientation [3], and potentially changes in unit
cell parameters or perhaps changes in the structure of molecules in a crystal.

The role of detectors in big data gathering
The use of advanced detectors for photon and electron counting is expediting data collection in both X-ray and
electron crystallography, facilitating the interrogation of crystals with short exposure times using high-flux
sources. An outstanding challenge is posed by the rapid readout Adaptive Gain Integrating Pixel Detector [42],
a system capable of delivering bursts of 350 images with a 6.5-mHz frame rate [41,73]. This and other fast
detectors are now key to enabling new efforts in serial crystallography [43], where their high dynamic range
and sensitivity allow rapid readout from single X-ray pulses or short electron beam exposures [43,47,74].
Electron microscopy as a whole has largely benefitted from the development of advanced detectors, first by

the introduction of slow readout charged couple device (CCD) sensors [75], then by faster active pixel sensors
including the complementary metal-oxide semiconductors (CMOS) including direct electron detectors [76,77].
Each improvement in detector technology has grown data output, facilitating not only improved speed and
accuracy of data collection but also more efficient data archival and processing [77]. While the readout rates of
several electron detectors are now in the kilohertz range [65,74,76], most experiments are not performed in this
regime. Fast readout is instead used to preserve resolution in electron microscopy images by limiting the influ-
ence of motion induced artifacts [78]. In continuous rotation electron diffraction, readout rates are adjusted to
limit overexposure due to brightly diffracted beams, limit readout noise and ensure adequate sampling of the
reciprocal lattice (Figure 3) [8,68,74].
Performing electron diffraction of single crystals at kilohertz frame rates could allow the collection of a

140-degree wedge of reciprocal space while sampling a quarter of a degree per frame in approximately half a
second. However, the use of direct electron detectors for measuring diffraction from macromolecular crystals
not only facilitates rapid, low-noise, low-dose data collection but can also increase the data rate per experiment
by over an order of magnitude. This startling pace of acquisition would have a dramatic effect on our ability to
rapidly screen samples, probe heterogeneity in crystallites and ultimately sample more experimental parameters.
However, the collection of 14-megapixel, 8-bit images at 400 frames per second yields a torrential 5.6 gigabytes
of raw data per second. In line conversion of this data from its archival format to one suitable for crystallo-
graphic analysis is the first of many bottlenecks. Since crystallographic data is highly sparse, the greatest
improvement to processing of kilohertz diffraction will come from algorithms for rapid and automated data
reduction [68,69].
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Toward real-time processing
Algorithms for accurate data reduction from sparse diffraction data are key enabling technologies for emerging
crystallographic experiments. Rapid hit-finding and indexing algorithms are routinely used in X-ray free elec-
tron laser facilities during serial crystallography experiments [79–85], where the rate of image collection far out-
paces the amount of data that can be parsed manually in real time. Algorithms used to parse 120 Hz data
generated by the Cornell-SLAC Pixel Array Detector can operate concurrently with data collection, giving the
crystallographer a notion of how many frames have usable diffraction and how many reflections are present in
a frame [81,83–86]. Many of these same packages can create and refine experimental parameter models, index
reflections and integrate reflection intensities. Programs such as KAMO [87] and Blend [88] facilitate the iden-
tification of consistent unit cells and evaluate the capacity of data subsets to be merged. Their algorithms rely
on the relationships between cell parameters or intensity correlations to select suitable merge sets. Whilst a
similar feat of automated data processing has only recently been demonstrated in electron diffraction [69].
Although no fundamental hurdles limit the full applicability of these methods to continuous rotation, serial or
nanobeam electron diffraction, sparse single electron diffraction patterns may be especially difficult to index
without sufficient prior constraints on cell dimension and experimental geometry. The need for a centralized
access to a comprehensive set of tools and protocols for analysis of large crystallographic datasets will continue
to be underscored by the continued and rapid development of sources, instruments, methods, programs and
algorithms [89].

Summary
• New crystallographic approaches are facing new challenges and opportunities delivered by

data-rich experiments facilitated by the development of new ultra-fast detectors.

• Electron crystallography experiments are following a similar trend, where faster detectors are
allowing the rapid collection of information-rich data from single crystals or collections of
crystals.

• New algorithms for automated data collection and analysis are leveraging the rise in data pro-
duction to yield faster structure solutions, and new insights into the macromolecular structure
at the time and storage space limits.

Abbreviations
CCD, charged couple device; CMOS, complementary metal-oxide semiconductors; MSOX, multiple structures
from one crystal; MicroED, microcrystallites; SFX, serial femtosecond crystallography.
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