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ABSTRACT   

Macromolecular structural biology advances the understanding of protein function 

through the structure-function relationship for applications to scientific challenges like 

energy and medicine. The proteins described in these studies have applications to 

medicine as targets for therapeutic drug design. By understanding the mechanisms and 

dynamics of these proteins, therapeutics can be designed and optimized based on their 

unique structural characteristics. This can create new, focused therapeutics for the 

treatment of diseases with increased specificity — which translates to greater efficacy 

and fewer off-target effects. Many of the structures generated for this purpose are “static” 

in nature, meaning the protein is observed like a still-frame photograph; however, the use 

of time-resolved techniques is allowing for greater understanding of the dynamic and 

flexible nature of proteins. This work advances understanding the dynamics of the 

medically relevant proteins NendoU and Taspase1 using serial crystallography to 

establish conditions for time-resolved, mix-and-inject crystallographic studies. 
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CHAPTER 1 

INTRODUCTION 

Macromolecular crystallography (MX) examines fundamental biological 

principles by characterizing the biomechanics of proteins to elucidate their roles within 

larger pathways. This understanding applies towards fields such as medical research and 

new energy technology development. Altering a pathway in disease through structure-

based drug discovery and design has been applied to cancer, infectious disease, addiction, 

pain sensing, and more (Congreve et al., 2011; Engelman & Cherepanov, 2012; Neidle, 

2011; H. Yang & Rao, 2021). Applications into energy technology development use 

insights from mechanisms engineered by nature, such as photosynthesis (Henry N 

Chapman et al., 2011; Kupitz, Basu, et al., 2014). The findings can then be applied into 

today’s emerging technology, such as working towards solving the climate crisis (Lewis 

et al., 2022). Structural biology plays an important and growing role in biochemistry to 

understand the fundamental mechanics of how proteins work to effect change in larger 

biological systems – and use these findings to correct disfunctions and apply the elegance 

of nature to our growing technologies.  

To accomplish these goals, target proteins can be expressed in systems such as 

bacteria (commonly Escherichia coli), insect cells, mammalian cells, and cell-free 

models (McKenzie & Abbott, 2018; Rosano et al., 2019; Silverman et al., 2020). The 

protein is commonly isolated through a combination of techniques such as: detergent 

extraction, centrifugation, affinity and ion exchange chromatography, and size exclusion 

chromatography (Youngchang Kim et al., 2011). Purity and homogeneity can be 

examined through methods such as polyacrylamide gel electrophoresis (PAGE) and 
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dynamic light scattering (DLS). Protein characterization can be performed in solution 

with techniques like circular dichroism (CD) and small-angle X-ray scattering (SAXS) 

(Brosey & Tainer, 2019; Miles & Wallace, 2016). To determine high resolution 

structures, techniques such as cryogenic electron microscopy (CryoEM), nuclear 

magnetic resonance (NMR) and crystallography, or X-ray diffraction, can be employed 

(Palmer III, 2001; Saibil, 2022; Su et al., 2015).  

X-ray crystallography was the first technique in macromolecular structural 

biology, that allowed for atomic resolution structure of biomolecules to be determined 

(Hodgkin et al., 1956).  X-ray crystallography includes the crystallization of a target 

protein, subsequent diffraction by an X-ray light source, and solution of the phase 

problem and structure determination where the two-dimensional diffraction patterns are 

used to finally determine a three-dimensional structure. The technique can be 

challenging, but highly rewarding with near-atomic to atomic resolution structures. 

Advances in crystallography have led to exponential growth over the past century in 

understanding the structure-function relationship of biomolecules at the molecular level.  

1.1 Fundamentals of Crystallography 

The first critical development needed to bring X-ray crystallography to fruition was 

the advancement of X-ray light sources. X-rays were first discovered by Wilhelm Conrad 

Röentgen in 1895 (Röntgen, 1895). It wasn’t until 1912 that this discovery was applied to 

crystals. Using the shorter wavelength of X-rays, crystals were hypothesized to interfere 

and diffract the X-ray beam by Max von Laue (Friedrich et al., 1913). Laue demonstrated 

the wave nature of X-rays with the diffraction of copper sulfate crystals and received the 

1914 Nobel Prize in Physics (Eckert, 2012). William L. and William H. Bragg used this 
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information to analyze crystal structures and by calculating the positions of atoms within 

the crystal lattice, completing the foundation for crystallography(W. H. Bragg & Bragg, 

1913; W. L. Bragg, 1913).   

The structure solutions of biomolecules such as penicillin (1945), insulin (1969), and 

vitamin B12 (1955) by Dorothy Hodgkin paved the way to larger macromolecules 

(Abraham, 1987; Adams et al., 1969; Hodgkin et al., 1956). The structure of vitamin B12 

made Hodgkin the third woman to receive a Nobel Prize in Chemistry. The first 

macromolecular structures in crystallography, myoglobin and hemoglobin, were solved 

in the late 1950s by John Kendrew and Max Perutz, who shared the 1962 Nobel Prize in 

Chemistry for their findings (Kendrew & Parrish, 1957; Perutz et al., 1960). Since then, 

X-ray diffraction is one of the most prolific techniques used in structural biology with the 

majority of deposited structures in the Protein Data Bank (PDB). 

 Macromolecular crystallography advances the understanding of protein science 

through structural discovery. While there have been significant challenges, numerous 

techniques have been developed that address many of these aspects. Crystallization of the 

protein can often be a limiting step in the crystallography pipeline as crystals of sufficient 

size and quality can be difficult to obtain. Vapor diffusion is one of the most common 

methods for growing large crystals, where a drop of concentrated protein is mixed with a 

precipitating agent (various salts, buffers, and additives) and placed into a sealed 

compartment. As water evaporates from the drop, the concentration of the components is 

increased until an equilibrium is reached. This moves the solution through the phase 

diagram and, if successful, nucleation occurs in the nucleation zone and the protein 

crystals grow in the metastable zone as protein is added to the crystal (Figure 1.1) 
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(Dessau & Modis, 2011). Many other techniques have been established for crystallization 

including free interface diffusion, dialysis, and batch, which approach the phase diagram 

in different ways, but ultimately need to bring the protein into the nucleation and 

metastable regions to grow protein crystals (Kupitz, Grotjohann, et al., 2014).  

Despite the difficulty of protein crystallization, advances in high throughput 

screening for crystallography have improved the ease, time, and sample constraints for 

crystallization. Automation of the process through liquid handling robots has allowed 

 
Figure 1.1. Phase diagram for protein crystallization by vapor diffusion. Protein 
concentration and precipitant concentration increase as water evaporates from the 
crystallization drop. However, once nucleation occurs, the concentration of free 
protein decreases as it is binding to the growing protein crystal. 
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samples to be set up using smaller quantities of protein and under more conditions, 

allowing sample to be screened in shorter periods of time (Abola et al., 2000; Stevens, 

2000). Crystallization screening kits use common crystallization conditions and reagents 

to identify possible combinations that had in the past been successfully used for protein 

crystallization. Robots such as the Phoenix® and the Mosquito® can be used to set up 

96-well crystallization plates with two different drops per condition (i.e., a 1:1 and a 1:2 

ratio) for a total of 192 conditions in under ten minutes. Subsequently, plates can then be 

stored in crystallization “hotels” that will store the plates in environmentally controlled 

conditions and periodically photograph each drop with options such as polarized and UV 

light. Overall, it is possible to set up thousands of crystallization conditions by high-

throughput robotic screening in a day with only 2 – 4 milligrams of protein. 

Automation extends beyond the standard crystallization for soluble proteins. 

Membrane proteins are commonly known for being a difficult structural biology target in 

general; however, they also gained a reputation for challenges in crystallization (Bill et 

al., 2011). Advances for membrane protein crystallography include screens designed 

specifically for membrane proteins and lipid cubic phase (LCP) crystallization – which 

can all be performed with robotics in addition to by-hand crystallization (Caffrey, 2015). 

These systems can also be applied to drug discovery, one of the largest applications of 

crystallography. Libraries of compounds can be screened using high throughput methods 

and directly applied to crystallization for protein-ligand complex structures (Blundell et 

al., 2002). The combination of these methods has been especially important for the study 

of G-protein coupled receptors (GPCRs), which fall into both categories as membrane 

proteins and promising drug targets (Johansson et al., 2009). 
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The final experimental stage is the X-ray diffraction of a protein crystal. For the 

modern crystallization pipeline, this commonly means X-ray diffraction at a synchrotron 

source. Synchrotron light sources provide a powerful source of X-rays (compared to most 

laboratory home sources) but remain relatively accessible to the scientific community. 

The first large-scale synchrotron, Bevatron, was built in the 1950s at Lawrence-Berkley 

Laboratories. Today, around 70 synchrotrons are operating, or under construction ranging 

from first generation to third generation, with increase of photon flux with each new 

generation. Notably among the third-generation light sources are the Advanced Photon 

Source (APS) in Chicago, Illinois; Stanford Synchrotron Radiation Lightsource (SSRL) 

in Menlo Park, California; and the European Synchrotron Radiation Facility (ESRF) in 

Grenoble, France. Of the three facilities, SSRL can accelerate electrons to 3 GeV whereas 

the larger synchrotrons, ESRF and APS, can operate at 6 and 7 GeV, respectively.  

Synchrotrons are comprised of four parts: an electron gun, a linear accelerator 

(linac), a booster ring, and a storage ring. Electrons produced by the electron gun are 

accelerated to nearly the speed of light in the linac by using radiofrequency cavities. The 

electrons are transferred to the booster ring where they increase in energy to >3 GeV and 

then placed in the storage ring. A cone of electromagnetic radiation is emitted from the 

electrons as they are deflected through the magnetic field. Tangential experimental end 

stations (called hutches) are placed around the synchrotron that allow for a variety of X-

ray based experimentation, including X-ray crystallography (Ishikawa, 2019). This gives 

the synchrotron accessibility as experiments can be multiplexed and allow broad use of 

the facility by scientists. X-rays between 3.5 and 20 keV are used for X-ray 

crystallography to obtain X-ray diffraction datasets from diffraction of large protein 
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crystals. While microfocus beamlines have advanced to allow the diffraction of crystals 

of 10 µm dimensions, X-ray damage is severe and thereby crystal size can still be a 

limiting factor for X-ray structure analysis of many proteins. 

The majority of crystallographic structures are determined from X-ray diffraction 

data collected at synchrotron sources, and most studies are performed under cryogenic 

conditions to diminish X-ray damage. To diffract crystals at a synchrotron source, 

crystals generally need to be mounted in a loop with a technique often called “fishing”. 

The technique uses a small synthetic fiber “loop” (0.05 – 0.4+ µm based on crystal size) 

to catch the crystals from the crystallization drop. These crystals can be soaked or coated 

in a cryoprotectant (e.g., 30% glycerol, high molecular weight polyethylene glycol, sugar 

additives). This requires a second fishing step or addition of the cryoprotectant to the 

crystallization drop prior to the “fishing” and subsequent freezing steps.  The crystals, 

 
Figure 1.2. Schematic for cryo-crystallography experiment for large crystal X-ray 
diffraction (Cryo-MX) commonly used for X-ray data collection at a synchrotron 
or home light sources. 
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harvested in loops mounted on a magnetic base, are placed into cryo-pucks (shaped 

similar to a hockey puck, with small holes to hold the loops) in liquid nitrogen and hold 

the crystals during shipping to a synchrotron facility. Many synchrotrons have remote 

user operation options that will automate the process of placing the loop onto a remote-

controlled goniometer, which allows the crystal to be oriented and rotated in the X-ray 

beam for user operation on site and remotely from their home institutions. A cryo- 

transfer holder and cryostream maintains the crystals during transfer to the goniometer 

and data collection under cryogenic conditions (Figure 1.2).   

Diffraction under cryogenic conditions has the primary advantage of diminishing 

radiation damage. Definitions of primary, secondary, and tertiary radiation damage of 

protein crystals have been noted as inconsistent in the literature (Garman, 2010). Primary 

X-ray damage describes the initial ionization event where electrons are ejected from the 

inner orbitals of the atoms by the X-ray interaction. In secondary radiation damage, the 

free radicals emitted diffuse through the crystal and cause X-ray damage by reduction of 

atoms, thereby altering oxidation states of atoms and can lead to changes of chemical 

structures and chemical bonds. The tertiary X-ray damage definition is less well defined 

but generally describes the decrease of the order of the crystals by the chemical 

modification of the molecules. Exposure of the protein to the X-ray beam causes 

ionization and excitation events, resulting in subsequent heating of the crystals. Freezing 

the crystal and keeping it under cryogenic conditions does not mitigate the primary 

ionization event but limits the diffusion of the radicals in the crystals and the alteration of 

chemical bonds. This also reduces the heating effect thereby allowing for data sets of  

diffraction images to be collected without significant alteration of the protein and the 
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crystal contact sites (Garman, 2010). Some proteins, such as metalloproteins and 

membrane proteins, can be especially sensitive to radiation damage. This radiation 

damage to the crystal can cause the alteration of the proteins, causing the diffraction 

quality to worsen (going from high resolution patterns to low resolution patterns), 

breakage of disulfide bonds, alteration amino acids, and increase of the B-factors of the 

protein (Burmeister, 2000; Garman & Owen, 2006; Ravelli & McSweeney, 2000).  

1.2 Rise of the XFELs 

One of the largest recent advancements in crystallography has been the development 

and use of X-ray Free Electron Lasers (XFELs). The development of the first Free 

Electron Lasers (FELs) began in the 1970s and produced light in the infrared range 

(Madey, 1971; Pellegrini, 2012). The first X-ray XFEL in the soft X-ray regime was 

FLASH in Hamburg, Germany, and LCLS was the first XFEL in the world to generate 

hard X-rays. To generate X-rays, all current large XFELs combine a linac with a 

magnetic undulator and generate ultrashort X-rays by the principle of Self-Amplified 

Spontaneous Emission (SASE). As the electrons are forced on an oscillating path, they 

emit X-rays and then interact with their emitted radiation and form ultrashort coherent 

bunches.  The bunching of electrons results in the emittance of coherent, femtosecond X-

ray pulses of up to 1013 photons per pulse (Pellegrini & Stöhr, 2003).   

One advantage to ultrashort femtosecond  X-ray pulses with high flux is outrunning 

secondary radiation damage in a concept known as “diffraction before destruction,” 

which was proposed  nine years before the first hard X-ray XFEL, LCLS at Stanford 

started operation  (Neutze et al., 2000). The molecular dynamic simulations of T4 

lysozyme exposure to an XFEL beam by Neutze et al. showed the process of the 
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Coulomb explosion at time points between 2 and 50 fs under XFEL conditions. Their 

findings suggested that if the pulses were short enough to avoid the predicted Coulomb 

explosion that occurs at 5 – 10 fs, with sufficient flux, diffraction of the sample could be 

observed  before the sample is destroyed (Neutze et al., 2000). This was supported by the 

first XFEL diffraction experiments in 2009 where  the structure of Photosystem I (PSI) 

was determined with data collected on protein nanocrystals at the Linac Coherent Light 

Source (Henry N Chapman et al., 2011). XFEL X-ray data collecting significantly differs 

from standard cryo-X-ray crystallography. As the XFEL pulse destroys solid material, the 

sample has to be replaced between each shot, but the pulses are so short that X-ray 

diffraction is observed before secondary X-ray damage destroys the crystals. Data is 

collected in a serial fashion where a stream of crystals is delivered to the XFEL beam at 

room temperature where they crystals in random orientation interact with the X-rays 

leading to tens of thousands of still diffraction images from the crystals (Figure 1.3). 

This allows for the solution of protein structures at room temperature without the severe 

radiation damage of their synchrotron counterparts. The first XFEL structure of 

Photosystem I (Henry N Chapman et al., 2011) was based on diffraction from over 

30,000 nanocrystals.  

As of 2022, there are currently five operational hard X-ray XFELs worldwide: the 

Linac Coherent Light Source (LCLS) at the SLAC National Accelerator Laboratory in 

Menlo Park, California, USA; the European XFEL (EuXFEL) in Schenefeldt, Germany; 

Pohang Accelerator Laboratory XFEL (PAL-XFEL) in Pohang, South Korea; RIKEN’s 

Spring-8 Angstrom Compact Free Electron Laser (SACLA) in Japan; and Paul Scherrer 
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Institute SwissFEL in Switzerland (Hasegawa et al., 2016; Ko et al., 2017; Milne et al., 

2017; Weise & Decking, 2017).  

With the advancement of XFELs came new challenges; however, the solutions to 

these challenges have also driven the field of crystallography forward to create new 

opportunities. Three of the biggest challenges presented by XFELs include: sample 

preparation, sample delivery, and data analysis. Ultimately the solutions of these 

challenges open new possibilities and advantages for X-ray crystallography beyond 

XFEL research to include new options for developing crystallization conditions, methods 

of obtaining well diffracting micro and nanocrystals, and abilities to process copious 

amounts of complex data sets consisting of tens of thousands of single-shot still 

diffraction patterns.  
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The technique of serial crystallography was originally designed for the advancement 

of the X-ray Free Electron Laser, where sample, destroyed by the power of the X-ray 

beam, had to be continuously replaced. Where large, single crystals had been traditionally 

used in crystallography at synchrotrons, XFELs would require many very small crystals 

to diffract. To accomplish this, nano/micrometer sized crystals would be grown in 

supersaturated solutions to create crystal slurries, which are then “injected” by forming a 

liquid jet that intersects with the X-ray beam (Figure 1.3). This is the basis for serial 

femtosecond crystallography (SFX), where many crystals are diffracted by femtosecond 

pulses (Henry N Chapman et al., 2011).  

Prior to this, nano and microcrystalline material were viewed as a way to obtain 

larger crystals by seeding, but had no practical use as they were too small to show high 

resolution diffraction and suffer strongly from radiation damage  – though the idea of 

 
Figure 1.3. Schematic picture for serial femtosecond crystallography at XFELs. X-
ray pulses (orange) interact with a liquid jet containing protein crystals (light blue). 
When an X-ray pulse hits a crystal, the crystal diffraction is observed, and the 
pattern is collected on a detector. 
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collecting data sets from  multiple small crystals had been suggested (Cusack et al., 

1998). Since this advancement, many new techniques have been developed to obtain 

nano/microcrystals. Microcrystals can be advantageous as that they can sometimes be 

easier to obtain than large crystals and have less long-range disorder; however, for XFEL 

experiments, large sample volumes are often required. Methods such as batch and free 

interface diffusion are popular for obtaining microcrystals and can be assisted by 

techniques such as seeding. Small microcrystals can also be grown in lipid cubic phase 

(LCP), which is of special interest for membrane proteins and especially GPCRs as 

crystals are grown in a membrane mimicking environment (Gusach et al., 2020). Growth 

of crystals in LCP also has the advantage  that they can be delivered by viscous injection  

which delivers samples at 10 to 100 times lower flow rates compared to liquid injection 

and thereby saving precious sample (Andersson, 2020; Kupitz, Grotjohann, et al., 2014; 

Weierstall, 2014).    

The batch method of crystallization is performed by the rapid mixing of protein and 

precipitant. Upon mixing, the nucleation zone is directly reached. As crystals begin to 

grow, the concentration of free protein decreases, slowly moving into the metastable 

zone. Crystals settle at the bottom of the experiment (typically performed in and 

Eppendorf tube), forming a crystal pellet with time. Batch with agitation works along the 

same principles; however, by performing it in crystallization vials with a tiny stir bar, 

crystals grow in a smaller, more homogenous fashion as they are unable to settle and 

nucleation is favored over crystal growth. Free interface diffusion (FID) techniques 

utilize a layering of the protein over the solution with the   precipitant with higher 

density. The layer between the two is the “interface” where diffusion occurs as the layers 
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interact. Nucleating crystals then sink into the precipitant layer to stop growing (Kupitz, 

Grotjohann, et al., 2014). While other techniques exist, such as ultrafiltration and dialysis, 

all methods utilize the principle of a fast run through the phase diagram to reach the 

nucleation zone (Figure 1.1), except for conditions where seeding is used to grow 

microcrystals in the metastable zone.  

Crystal samples for diffraction at XFEL sources need to have adequate density and 

size distribution. The density of the crystals being diffracted is important for collecting 

full data sets in a timely fashion. As the crystals flow in the liquid jet, they can be “hit” 

by the X-ray beam; however, the majority of crystals flow past the X-ray interaction 

region without interacting with the beam. The frequency of this interaction where a 

crystal is diffracted in relationship to the total number of pulses is known as a hit rate 

(value given in a percentage). Because complete data sets require high multiplicity, 

thousands of indexable diffraction patterns are required to solve the structure. If the hit 

rate is low (ex. 0.1 – 1%) data collection could take half to multiple shifts of 12 hours to 

complete. Comparatively, with a high hit rate (ex. 40%) it may only take a few hours or 

less to complete a data set, depending also on how many patterns can be indexed. Crystal 

homogeneity is especially important for sample injection as large crystals can lead to 

clogging of the injector nozzle – replacement of which can often take 15 – 30 minutes of 

valuable time. 

Sample injection is the process of delivering the sample, a slurry of crystals, to the 

X-ray beam. This has traditionally been accomplished with injectors that focus the crystal 

slurry delivered by a thin glass nozzle of 50-100 µm diameter into a liquid jet of 4 – 

10 µm with a surrounding jet of helium gas. This system is a called Gas Dynamic Virtual 
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Nozzle (GVDN) and delivers the sample at flow rates of 10-20 µl/min to the interaction 

region with the beam (Weierstall, 2014). The challenge of sample injection often comes 

down to maintaining a stable jet and sample waste, which can be strenuous based on high 

flow rate and large jets. In addition to the jets, the jetting media and the environment are 

equally important. Not all buffer solutions behave equally in different types of injectors 

and environments. The viscosity of the buffer can play a major role in the observation if a 

sample jets or not and PEG, a common component in crystallization, can strongly affect 

this. Additionally, if the experiment is performed in vacuum versus in atmosphere or 

helium can play a major role. 

Important injectors in serial crystallography include the double-flow focused nozzle 

(DDFN) liquid injector, the gas dynamic virtual nozzle (GDVN), and high viscosity 

injectors or LCP injectors (Martin-Garcia et al., 2019; Nelson et al., 2016; Wang et al., 

2014; Weierstall et al., 2012). Fixed target options are also available for serial 

crystallography (Gilbile et al., 2021; Meents et al., 2017). Common issues for liquid 

injection such as difficulties of jet formation, clogging and low hit rate are largely 

avoided; however, challenges like increased background, sample environment (humidity, 

drying out of chips), and ability to move the chip do exist. Other methods under   

development include various types of droplet injection, separating the sample into small 

drops that are synchronized with the x-ray pulses, co-flow with oil, or a conveyer belt 

style sample delivery method. The goal of emerging sample delivery mechanisms is 

relatively universal: deliver the least amount of sample for the maximal hit rate and best 

quality of data.  
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1.3 Time-Resolved Crystallography 

 Time-resolved studies for the creation of “molecular movies” that show the 

dynamics of biomolecules in action has been dubbed as the “holy grail” of structural 

biology (Martin-Garcia, 2021). Structurally biology has grown exponentially in the 

deposition of PDB structures that show static images of macromolecules. Many strategies 

have been used to solve structures at certain time points of a biochemical reaction. For 

example the solution of the structure of an  apoprotein, the protein bound to a substrate, the 

protein bound to a molecule mimicking a hypothesized intermediate structure, and the 

structure with the remaining product (post-cleavage) bound to the protein represent four 

different images at different stages of the reaction (Meredith N Frazier et al., 2021; Y. Kim 

et al., 2020; Y. Kim et al., 2021). Together these static structures create a more dynamic 

picture of the conformational changes that the protein undergoes during a reaction, as 

proposed in  the concept of induced fit by David Koshland in 1958 (Koshland Jr, 1958). 

As crystallography grows as an expanding, interdisciplinary field that includes 

microbiologists, biochemists, biophysicists, accelerator physicists, computer scientists and 

data analysists, engineers, and more, more “challenging approaches” become accessible 

and practical to the scientific community. Time-resolved crystallography is still a 

challenging task for protein science; however, the growing support from novel methods 

development, technology, and new facilities that become available to the scientific 

community (the user) are enabling more scientists to take on these challenges to reap the 

benefits of time-resolved data.  

 Early on, the first reports were published where protein crystals have been  shown 

to retain dynamics and activities within the crystalline lattice, although with some restraints 
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in terms of rate constants and crystal contacts (Quiocho & Richards, 1966). Early time 

resolved methods used large, single crystal diffraction and monitored very slow or 

irreversible reactions, making use of the technology that was available at the time. Clever 

strategies like flow cell systems and the placement of a large crystal into a glass capillary 

for substrate to diffuse in from either end allowed data collection at different timepoints 

(Gouaux et al., 1990; Wyckoff et al., 1967).  

Time-resolved crystallography advanced again with Laue diffraction techniques, so 

named for the polychromatic spectrum (frequently called “pink beam”) X-rays, which had 

been used by Max von Laue to diffract copper sulfate crystals. With the use of Laue 

diffraction, each diffraction pattern covers a larger “cup” of the Ewald sphere thereby a full 

data set can be achieved with diffraction from 10-20 different crystal orientations. As data 

can be collected faster, this significantly improved time resolution from minutes to seconds 

and millisecond time resolution for light-driven systems  (Hajdu & Johnson, 1990). The 

applications of Laue diffraction have been used for light sensitive reactions 

(photoreceptors, ligand photolysis), enzymatic reactions, and virology advances 

(Bourgeois & Royant, 2005; Neutze et al., 2000; Schotte et al., 2003; Šrajer & Schmidt, 

2017; Stoddard, 2001). Time scales and quality of Laue diffraction have further  improved 

with the third generation synchrotron light sources and XFELs (Martin-Garcia, 2021). Laue 

diffraction is a useful technique that has enabled many scientific discoveries and continues 

to be used today (Moffat, 2019; Ren et al., 1999; Ren & Moffat, 1994). 

The use of serial crystallography at the first femtosecond X-ray protein 

nanocrystallography (FPN) experiments, or SFX experiments, at the XFELs opened 

additional pathways for time-resolved studies (Henry N Chapman et al., 2011; Fromme, 
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2015; Fromme et al., 2020). Pump-probe lasers can be used “on the fly” to illuminate the 

stream of crystals with specific timing intervals between illumination and diffraction, 

resulting in change of state for photosensitive proteins (Kupitz, Basu, et al., 2014; Nogly 

et al., 2018; Weinert et al., 2019). Mix-and-inject systems allow for streams of 

substrate/ligand to be mixed with streams of protein crystals, allowing for diffusion to be 

observed at specific time points (Christopher Kupitz et al., 2017; J. L. Olmos et al., 2018; 

Pandey et al., 2020; Pandey et al., 2021). These new technology developments have now 

also be successfully implemented at synchrotron beamlines leading to  the rise of serial 

millisecond crystallography (SMX) and time resolved SMX.  

Synchrotrons, with their greater ability to multiplex experiments, are more 

accessible to the scientific community than XFELs. As a result, serial synchrotron 

crystallography (SSX) is becoming more accessible to the scientific community. 

Previously, large interdisciplinary teams were needed to manage such beamtimes using 

dedicated groups for sample preparation, injection, and data analysis. While these are 

beneficial, smaller groups can now conduct experiments with more established and 

automated systems employed at synchrotrons, which are notably more user friendly. 

Viscous media (LCP) injectors and fixed target systems help sample delivery by reducing 

sample consumption. The viscous injectors run at low flowrates that dramatically reduces 

sample consumption. More complicated time-resolved experiments can also be performed 

at synchrotrons, as shown by the pump-probe experiments of bacteriorhodopsin (Weinert 

et al., 2019), but they are still in their exploratory phase. With growing interest, facilities 

such as ESRF are even commissioning a new beamline (ID-29) that will specifically 

support SMX experiments (de Sanctis, 2021). 
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The experiments presented in this dissertation represent a culmination of these 

techniques in crystallography for structure-based rational drug design. The proteins 

NendoU and Taspase1 are medically relevant proteins to the diseases of COVID-19 and 

cancer, respectively. If their biological function is inhibited, the downstream effects of their 

pathways in promoting disease would be downregulated. Standard and serial 

crystallographic techniques are used to establish the foundation for time-resolved studies. 

Additional components of this thesis include extensive crystallization and co-

crystallization method developments, activity assays to study function and propose 

inhibitory compounds, protein mutagenesis, microscopy, and more. The comprehensive 

goal is to better elucidate the mechanism and dynamics of these proteins for rational drug 

design while continually improving the methodology used to achieve these goals.   
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CHAPTER 2 

ROOM TEMPERATURE STRUCTURAL STUDIES OF SARS COV-2 PROTEIN 

NENDOU WITH AN X-RAY FREE ELECTRON LASER 

Text and Figures in this Chapter were reprinted with permission from Rebecca Jernigan, 

Dhenu Logeswaran, Diandra Doppler, Mukul Sonker, Nirupa Nagaratnam, Jose Martin-

Garcia, Sabine Botha, Jay-How Yang Thomas Grant, Gihan Ketawala, Valerio Mariani, 

Alexandra Tolstikova, Michelle Sheikh, Megan Shelby, Mimi Cho Yung, Matt Coleman, 

Sahba Zahre, Marc Messerschmidt, Emily Kaschner, Michele Zacks, Meng Liang, 

Raymond Sierra, Mark Hunter, Stella Lisova, Alexander Batyuk, Christopher Kupitz, 

Sebastien Boutet, Debra T. Hansen, Richard Kirian, Marius Schmidt, Raimund Fromme, 

Matthias Frank, Alexandra Ros, Julian Chen and Petra Fromme. 

2.1 Abstract 

The first room temperature structure of the SARS-CoV-2 endoribonuclease 

NendoU is solved by serial femtosecond crystallography at an X-ray Free Electron Laser 

(XFEL) to 2.5 Å resolution. NendoU is a key protein in the high virulence of SARS-CoV-

2.  It cleaves the poly-uridine (poly-U) leader sequence of the viral negative strand RNA, 

which is recognized and activates host sensors and rapid degradation of the virus in 

macrophages. By cleaving the poly-U leader, it hides the presence of the CoV-2 RNA from 

the immune system. We describe micro-crystallization of NendoU as well as novel 

functional studies on RNA cleavage specificity in solution and in crystals, showing that the 

enzyme is fully active in crystal form and providing new insights into the substrate 

specificity of NendoU. This work paves the way for future time-resolved studies of 

NendoU, towards a molecular movie of its catalytic mechanism.   
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2.2 Introduction  

Understanding the fundamental biology and mechanisms of the SARS-CoV-2 

virus, the causative agent of the COVID-19 pandemic, is not only critical for scientific 

understanding, but also a rapid drug discovery pipeline. One leading target for drug 

discovery, conserved in the Coronaviridae family, is the NendoU protein (nonstructural 

protein 15 (Nsp15)), which has been implicated in the virus’s evasion from the host 

immune system (Hackbart et al., 2020).  As the high rate of transmission among 

asymptomatic individuals is a differentiating factor from SARS and MERS, early detection 

of SARS-CoV-2 and response by the immune system is hypothesized to make an impactful 

difference in reducing the spread and severity (R. J. Khan et al., 2022; Saramago et al., 

2022) .   

The Uridine specific 

nidoviral endoribonuclease 

(NendoU) cleaves the poly-

uridine (Poly-U) sequence 

of viral anti-sense RNA 

(Figure 1) (Hackbart et al., 

2020). Synthesis of anti-

sense genomic RNA is a 

vital step in the replication 

of SARS-CoV-2 (V’kovski 

et al., 2021). The poly-A tail 

of the positive strand RNA 

Figure 2.1.   Infection of SARS-CoV-2 and role of NendoU. The translated 
antisense strand of RNA contains a polyuridine (Poly-U) leader. NendoU 
cleaves the Poly-U tail, interfering with immune system’s pattern 
recognition receptors. 
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genome’s 3′ untranslated region (3′ UTR) corresponds to the 5′ poly-U leader sequence in 

the anti-sense RNA of SARS-CoV-2. The intermediate structure, double stranded RNA 

(dsRNA) is recognized as a pathogen-associated molecular pattern (PAMP). The dsRNA 

stimulates the innate immune system via type 1 interferon expression by recognition 

through melanoma differentiation-associated protein 5 (MDA5). Loss of functional 

NendoU by mutation during in vitro studies with the mouse hepatitis virus strain A59 

(MHV-A59) resulted in a dramatic increase in double stranded RNA dependent immune 

response (Kindler et al., 2017). The loss of NendoU activity resulted in greatly attenuated 

disease in mice and stimulated a protective immune response (Kindler et al., 2017). These 

results were supported by mouse-model studies using mouse coronavirus showing that 

NendoU is essential for  allowing virus replication with minimal response by macrophages 

and natural killer cells (X. Deng et al., 2017). It was recently discovered that SARS-CoV-

2 NendoU cleaves and removes the poly-U leader sequence of the negative strand RNA 

genome of SARS-CoV-2, which indirectly enables the virus to evade host immune 

responses (Hackbart et al., 2020). 

As NendoU plays a critical role in hiding the SARS-CoV-2 virus from the host 

immune system, it is an important enzyme to understand the catalytic mechanism as a target 

for drug discovery and rational drug design. NendoU is a 39 kDa enzyme (41 kDa 

construct, including a Histidine tag) that forms a hexamer made up of a dimer of trimers(Y. 

Kim et al., 2020). It has been shown that the hexameric assembly is critical for activity 

(Guarino et al., 2005). A two-step catalytic mechanism has been proposed in the past based 

on RNaseA which shares some active site similarities with NendoU (Y. Kim et al., 2021), 

however several critical amino acids in the catalytic center are not conserved and there is 



  23 

also currently no mechanism proposed that could explain the manganese-dependency of 

the catalytic mechanism.  

Structures of NendoU from SARS-CoV-2 have been determined under cryogenic 

conditions in the last 2 years both by X-ray crystallography (Y. Kim et al., 2020; Y. Kim 

et al., 2021) and cryo-EM (Pillon et al., 2020, 2021) (M. N. Frazier et al., 2021). The first 

structure of NendoU from SARS-CoV-2 was determined by the group of Jankowiak and 

colleagues in 2020 (Y. Kim et al., 2020), which included the apo protein and the complex 

with citrate. The same group, in 2021, solved crystal structures of the enzyme in complex 

with single nucleotides, a proposed intermediate analog, and proposed inhibitor Tripiracil 

(Y. Kim et al., 2021). Cryo-EM investigations of NendoU included studies of the apo 

structure of NendoU and the complex with uridine triphosphate (UTP) (Pillon et al., 2021). 

Then, in 2021 Frazier et al published two cryo-EM structures of NendoU in the journal 

Nucl Acid Research, which are proposed to represent the pre- and post-cleavage structure 

of NendoU (M. N. Frazier et al., 2021). For their studies, NendoU was incubated with a 3 

nucleotide RNA and the post cleavage structure identifies 2 nucleotides in the binding site. 

All structures of NendoU so far have been solved either by standard crystallography under 

cryogenic conditions or by cryo-EM.  Currently there are no structures published that have 

investigated the NendoU structure at room temperature.  

This study investigates the function and substrate specificity of NendoU and reports 

on the first room temperature structure of NendoU, laying the groundwork for future time-

resolve studies by serial femtosecond X-ray crystallography (TR-SFX) at X-ray Free 

Electron Lasers (XFELs). X-ray free electron lasers produce X-ray pulses that are so short 

that the resulting diffraction patterns can be collected before X-ray radiation damage can 
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manifest throughout the crystal. This allows for structure determination at ambient 

temperature (A. Barty et al., 2012; H. N. Chapman et al., 2011), with radiation doses well 

beyond the generally allowable Henderson limit. Reactions can be triggered “on the fly” 

to study the mechanism of NendoU through use of mix-and-inject technology (Ishigami et 

al., 2019; J. L. Olmos, Jr. et al., 2018; Pandey et al., 2020). These techniques have been 

used in previous studies to study  the enzymatic function of BlaC, which cleaves antibiotics 

(C. Kupitz et al., 2017; J. L. Olmos, Jr. et al., 2018; Pandey et al., 2020; Pandey et al., 

2021), and enabled dynamic studies of a riboswitch that regulates gene translation (Stagno 

et al., 2017). For SFX studies, thousands of single crystal diffraction snapshots are 

collected from a liquid jet of nano or microcrystals at room temperature which interact with 

ultrashort, ultrabright X-ray pulses from the XFEL with 10 – 40 femtosecond pulse 

duration. The intensity of the pulses so strong, that they destroy any solid material, but they 

are short enough to collect X-ray diffraction images prior to the onset of secondary X-ray 

damage (A. Barty et al., 2012). As data collection occurs at room temperature and 

“outruns” secondary radiation damage, structures are solved at ambient “near native” 

conditions.  

Time-resolved studies for SFX pose many challenges, including the primary 

challenge of serial fs crystallography itself, which is obtaining quality nano- or micro-

crystallization conditions. Micro-crystallization conditions for SFX studies require 

millions of small, uniform crystals. These crystals are delivered by a liquid jet to 

continuously replenish the sample interacting with the X-rays, leading to large sample 

consumption which can require hundreds of milligrams to a gram of protein for a single 

experiment. Even more challenging is establishing crystallization conditions where the 
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protein remains active, allowing for substrate to diffuse into the crystals and 

conformational changes without dissolving the crystals or ruining the sensitive RNA 

substrate.  

Here we report on SFX experiments of NendoU at an XFEL leading to the first 

structure of NendoU at room temperature, which show differences in the flexibility of the 

two trimers in the hexamer, with potential large implications for the catalytic function of 

NendoU. In preparation for future time-resolved SFX studies, RNA substrates of varying 

lengths were designed based on analysis of the NendoU protein structure and genomic 

analysis of the SARS-CoV-2 RNA. This work paves the way for future time-resolved 

analysis, where mix-and-inject studies could show substrate binding, the catalytic reaction, 

and product release. We could thereby discover the mechanism of RNA cleavage by 

NendoU, where the unravelling of the transition state could provide the basis for 

development of novel drugs for severe coronavirus infections and to investigate the role of 

this protein in suppression of the immune response.   

2.3 Methods  

Vector design and Cloning 

The expression plasmid pHis-TEV-Nsp15 was designed based on the available 

information in (Kim et al 2020) for Protein Data Bank accession no. 6VWW. pHis-TEV-

Nsp15 expresses a protein sequence identical to 6VWW and was purchased from 

GenScript (4 µg). The parent vector is pET-11b, which, like the vector for 6VWW, 

confers ampicillin-resistance, uses the T7lac promoter and T7 terminator, contains the 

lacI gene and has a ColE1 replication origin. Like 6VWW, the DNA sequence of pHis-
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TEV-Nsp15 was optimized for expression in Escherichia coli using GenScript’s 

OptimumGene algorithm. For use in in vitro expression, an additional 100 µg was 

purchased from GenScript. Supplementary Figures S1 A-C show the vector map, 

complete DNA sequence and expressed protein sequence, respectively. 

In vivo Protein Expression 

Expression of wildtype NendoU was optimized from prior methodology 

(Makowska-Grzyska et al., 2014 & Kim et al., 2020). The plasmid for Nsp15-TEV-His6 

was obtained from genscript and transformed into commercial competent E. coli cells 

using the BL21-Gold (DE3) strain from Agilent Technologies. Transformation was 

performed by adding 20 ng of plasmid to 100 µL of competent cells and incubating on 

ice for 30 minutes. Cells were then heat shocked by 42 °C water bath for 45 seconds and 

then rested on ice for two minutes. Super Optimal broth with Catabolite repression (SOC) 

was added to the cells for a total volume of 1 mL and grown at 37 °C for 1 hour with 250 

RPM shaking. Cells were then plated to luria broth plates with 50µg/mL carbenicillin and 

grown overnight at 37 °C. Starter cultures were prepared by inoculation of a single 

colony into a 50 mL LB Lennox media (+50 µg/mL carbenicillin) and grown at 37 °C 

overnight with 180 RPM shaking. Cell cultures of 1 L were inoculated with 1 % of 

overnight starter culture and grown at 37 °C with 180 RPM shaking to an OD600 of ~1.0. 

Cultures were transferred to incubator at 18 °C with and induced with 0.2 mM IPTG, 

0.1 % w/v glucose, and 40 mM of potassium phosphate dibasic. Cells were grown for 

18 hours with 180 RPM shaking at 18 °C. Whole cell contents were analyzed by SDS-

PAGE gel with InstantBlue Coomassie stain and anti-His western. Cells were harvested 

by centrifugation at 7500 xg, 15 minutes, 4 °C and stored at -80 °C. 
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Development of an in vitro expression system for NendoU  

Expression screening: Initial screening was performed by running 50 µl cell-free 

reactions using an Invitrogen Expressway Kit for four hours with 0.5 – 2 μg pHis-TEV-

Nsp15 plasmid and 2 μg Green Fluorescent Protein control incorporating 1 µL Fluorotect 

reagent into each reaction. Lysates were denatured and run in reducing conditions on 4-

12% Bis-Tris SDS-Page gels and imaged at 600 nm and 700nm using a LI-COR Odyssey 

Fc Imaging system (Figure 2-1-2A). 

Expression scale-up and purification: Preparative 1 ml reactions were carried out 

using the Rabbit Biotech RTS 500 ProteoMaster E. coli HY Kit for protein expression. In 

brief, lyophilized reaction components (E. coli lysate, reaction mixture, amino acid 

mixture, and methionine) were dissolved in reconstitution buffer and combined as 

specified by the manufacturer. A total of 20 μg of pHis-TEV-Nsp15 plasmid DNA was 

added to the lysate mixture and the reactions were incubated at 37 °C for 5 hours. 

Gravity-flow immobilized nickel affinity chromatography was used to isolate the 

protein of interest using buffers containing 50 mM Sodium Phosphate pH 8, 150 mM 

NaCl. Expression products were bound to the Ni column for 1 hour in 5 mM Imidazole, 

washed with 6 column volumes of 10 mM imidazole, and eluted with 1.8 column 

volumes of 250 mM imidazole and 0.3 column volumes of 500 mM imidazole. Fractions 

were assayed with SDS-PAGE (Figure 2-1-2B) and for protein concentration using a Q-

bit protein assay and Fluorimeter from Molecular Probes. For size exclusion 

chromatography (SEC) purification, fractions E2-E5 were pooled, dialyzed into 20 mM 

HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP-HCl running buffer and concentrated to 5 

mg/ml via 10 kDa molecular weight cut-off spin filtration. Protein was purified with a 
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Superdex 200 Semi-prep column at 1 ml/min flow rate (Figure 2-1-2C). (Levine et al., 

2019; Lu, 2017) 

Protein Purification 

Purification was based on Kim et al., 2020; cell pellets were resuspended in 10% 

(w/v) lysis buffer (50 mM HEPES, pH 8.0, 500 mM NaCl, 20 mM imidazole) and lysed 

by sonication (2 sec on 2 sec off for 2-minute for five cycles with 2 minutes rest on ice). 

The cytosol was isolated by centrifugation at 45,000 xg for 30 minutes. Immobilized 

Metal Affinity Chromatography (IMAC) was performed with 5 mL Ni-NTA 

Chromatography Cartridges from GE on an ÄKTA Pure FPLC at 4 °C. After application 

to the column, the protein was washed with buffer (50mM HEPES, pH 7.5, 500 mM 

NaCl) for 20 column volumes (CV) with 20 mM imidazole and 20 CV of 50 mM 

imidazole. Eluted protein was concentrated with 30 kDa, 0.5 mL spin concentrators to 

0.5 mL volume and applied to a Superdex 200 10-300 increase column. The NendoU 

hexamer was collected between 11-12 mL and analyzed by SDS-PAGE gel with 

InstantBlue Coomassie stain and anti-His western. The protein was concentrated to 

10 mg/mL for storage in -80°C until future use. 

Crystallization 

Ultrafiltration 

Purified protein stored at 10 mg/mL was concentrated to 60 – 80 mg/mL at 

7000 xg, 4° C in 10 minute increments with pipette homogenization between steps. Once 

past the 60 mg/mL mark, the concentrated protein appears turbid after homogenization. 

At this point the protein/crystal solution is transferred to an Eppendorf tube and 
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homogenized until the solution is entirely turbid. Crystallization was verified under the 

microscope and the crystal suspension stored at 4° C to mature overnight for a denser 

pellet. 

Batch with Agitation 

NendoU protein was concentrated to 40 mg/mL using the same procedure as for 

ultrafiltration. A glass vial is placed on a magnetic stir plate at room temperature with a 

micro-stir bar gently spinning at ~200 rpm. The precipitant (300 µL: 0.1 M sodium 

citrate, pH 5.6, 10 % MPD, 10 % PEG 2000) is placed on the bottom of the vial. The 

protein (50 µL) is added dropwise to the vial with gentle stirring and turn turbid on 

addition and left for 24 hours. The sample is observed under the microscope by placing a 

drop between two coverslips to reduce the motion of small crystals within the drop.  

Same info without the faff: 

NendoU protein solution was concentrated to 40 mg/mL using the same 

procedure as for ultrafiltration. To 300 uL of precipitant solution (0.1 M sodium citrate, 

pH 5.6, 10 % MPD, 10 % w/v PEG 2000) stirring at ~200 rpm at room temperature, 50 

uL of protein solution was added drop by drop. The resulting turbid solution was stirred 

for an additional 24h.  

RNA design and functional essays 

Multiple sequence alignment 

Multiple sequence alignment was performed manually using the BioEdit program 

(Hall et al., 2011).  

NendoU in solution endoribonuclease assay 
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Purified NendoU protein solution was diluted to a final concentration of 6 µM 

with assay buffer (50 mM Tris-HCl pH 7.5, 50 mM KCl and 1 mM DTT). Lyophilized 

NIR-800 3′ labeled RNA oligos (Integrated DNA Technologies) maintained under dark 

conditions were dissolved to a final concentration of 100 µM in nuclease free water and 

was serially diluted to 5 mM with nuclease free water. Ten µl reactions were setup with 5 

µl of 2X assay buffer, 2 µl water, 1 µl each of 6 µM NendoU solution (final 

concentration 0.6 µM) and 5 µM RNA solution (final concentration 0.5 µM). Reactions 

were incubated for 5 mins at 25 °C followed by addition of 1 µl water or 1 µl 50 mM 

MnCl2 for a final concentration of 5 mM of what? and further incubation for 3 mins. 

Reactions were stopped by adding equal volume of 2X Urea loading dye (8 M Urea, 20 

mM Tris-HCl pH 7.5, 1 mM EDTA, 0.05% (w/v) Xylene cyanol and 0.05% (W/V) 

Bromophenol blue) followed by incubating at 95 °C for 2 mins and placing on ice. One-

tenth of the reactions were size fractionated on a 10% Urea-PAGE or 15% Urea-PAGE 

gel for short substrates at 15 W power for 1.5 hr. Following electrophoresis, gels were 

scanned directly on a Typhoon NIR-IP scanner. 

NendoU in-crystal endoribonuclease assay 

1 µl of crystal suspension (equivalent to 15 mg NendoU protein) was incubated 

with 4.42 µl of crystallization buffer (0.1 M sodium citrate pH 5.5, 10% MPD, 20% w/v 

PEG 1000) and 3.58 µl of 100 µM RNA substrate. The reaction was set up in duplicate. 

A separate reaction mixture without the RNA but with 3.58 µl of crystallization buffer 

was set up as control. All three reaction mixtures were incubated at 22 °C for 30 mins. 1 

µl of 50 mM MnCl2 was added to one of the reaction mixtures containing RNA and 1 µl 

crystallization buffer each to the duplicate and control. T reaction mixtures were further 
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incubated for 1 min and 1 µl of reaction was added to 19 µl 2X Urea loading dye 

followed by incubation at 95 °C for 2 mins and placing on ice until loading. The rest of 

the reaction mixture was centrifuged at 500 g / 2 min at 4 °C and 5 µl of the supernatant 

was used for a Bradford assay according to manufacturer’s instructions (BioRad protein 

assay – cuvette format). Crystals were further allowed to settle and checked under 

polarized microscope. 

Data analysis  

Images were recorded at the full 120Hz repetition rate of the X-ray FEL at the 

LCLS using an epix10k detector. The online hitrate and background correction for the 

live display were performed using “OM”, a customized version of OnDA (Mariani et al., 

2016) for LCLS. Offline calibration and hit finding were performed with a new 

(unpublished) hybrid version of cheetah (Anton Barty et al., 2014) and OnDA (Mariani et 

al., 2016) developed by Alexandra Tolstikova at DESY in Germany. Peakfinding was 

performed using the peakfinder 8 algortihm (parameters: adc_threshold=500, minimum-

SNR=5.0, min_pixel_count=1, local_bg_radius=4, min_res=80, max_res=450), and 

patterns with more than 12 peaks identified were classified as a hit. The hits, along with 

the recorded peak positions were submitted to the crystal indexing software crystfel 

version 0.9.1. (White, 2019; White et al., 2012; White et al., 2016), employing the 

indexing algorithms xgandalf (Gevorkov et al., 2019), dirax, mosflm (Powell et al., 

2013), and XDS (Kabsch, 2010) in that order. Due to the indexing ambiguity for serially 

collected “still” diffraction patterns in pointgroup P63, the list of indexed diffraction 

intensities was consequently passed through the program ambigator (part of the crystFEL 

package, based on the clustering algorithm described in Brehm 2014) applying the re-
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indexing operator hkl. The reflection intensities were then merged using partialator (from 

THE CrystFEL package).  

The merged list of reflection intensities was converted to ccp4 compatible mtz 

format (Winn et al., 2011) using xscale (Kabsch, 2010), where they were scaled using 

aimless (Evans & Murshudov, 2013) for structure solution. The initial search model 

6XDH (Dranow et al, unplublished) was downloaded from the PDB and all solvent and 

ligand atoms removed. The structure was then refined applying alternate cycles of refmac 

(Murshudov et al., 2011) and manual refinement with coot (Emsley et al., 2010). 

Ultimately, citrate (and water) molecules were fitted and refined into the electron density 

in the active site, and refined using POLDER maps in Phenix (Liebschner et al., 2017), 

omitting bulk solvent around the ligand. The final model was passed through the web 

interface PDB-redo (Joosten et al., 2014) for a final cycle of refinement prior to 

submission.   

Figures were prepared using Pymol (pymol). Channel sizes and maps through the 

crystal were calculated using MAP_CHANNELS v.0.5 (Juers & Ruffin, 2014), and 

ligand plots were produced with LigPlot+ v.2.2 (Laskowski & Swindells, 2011). 

2.4 Results 

In vivo Expression and Large-scale Purification of NendoU  

For XFEL studies large protein quantities are required, which was a challenge for 

the SFX NendoU project as the expression yields were very low. A clone was constructed 

for the expression of NendoU wildtype (WT) with a C-terminal His10 tag by Gene-script 

(Figures S1 A-C). When initially following the published expression protocol for 

NendoU from Kim et al (Y. Kim et al., 2020), 1 – 3 mg NendoU protein was isolated 
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from 1 liter of cell culture. Optimization of expression conditions including varying the 

cell culture media, temperature, time of induction was tested; however, all conditions 

performed chronologically worse. NendoU toxicity to the expression host cell and low 

expression has been previously reported (Xu et al., 2006). Fresh transformation weekly 

was essential to prevent loss of expression. To isolate 300mg of WT NendoU for the RT-

SFX experiments, we have scaled up an expression and isolation protocol, where cell 

culture batches of up to 48 Liters (16 liters x 3 growths/week) were grown from freshly 

transformed E. coli cells, from which NendoU was isolated by metal-affinity 

chromatography followed by size exclusion chromatography (SEC). NendoU (WT) 

purified protein (hexamer) was verified by SDS-PAGE with Coomassie stain and 

Western Blot (Figure S2; B,D,F). Dynamic light scattering showed the protein was 

monodispersed for crystallization (Figure S2, E).  

In vitro Expression and Purification from Cell Free Expression 

To address potential toxicity effects on the in vivo expression yields of NendoU, 

an E. Coli-based cell-free expression platform was implemented.  Cell-free expression is 

a flexible and increasingly cost effective one-pot in vitro expression approach in which 

the cell’s translational machinery in the form of a cell lysate is provided with expression 

target cDNA and supplemented with amino acids and any necessary additives. This 

removes cell viability concerns while enabling a highly tunable expression platform (Lu, 

2017). Initial small scale expression screening with varied pHis-TEV-Nsp15 plasmid 

concentration utilized reaction mixtures including a tRNA that incorporates BODIPY 

labeled lysine into in-vitro translation products. After expression, the reaction mixtures 

containing whole lysates were analyzed via SDS-PAGE and imaged at 600 nm to 
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visualize the incorporated BODIPY, which clearly labels a 41 kDa translation product, 

likely NendoU, in all reactions containing the pHis-TEV-Nsp15 plasmid (Figure 2A). 

Higher molecular weight contaminants are not apparent in this analysis.  

Moderate scale-up reactions of 1 ml volume were performed to assess the translation 

products. Reaction products were purified from the cell-free lysate with a gravity flow 

Ni-affinity column and purification fractions were assayed with SDS-PAGE (Figure 2B). 

Several elution fractions show a strong band at 41 kDa with some minimal contaminant 

bands present at approximately 60 kDa and 75 kDa. Protein quantification of the elution 

fractions estimates yields of NendoU at 0.8mg/ml. Further purification by SEC results in 

a very similar elution profile to those produced during the purification of NendoU 

expressed in vivo (Figure 3C). These results confirm that high yields of NendoU can be 

Figure 2.2. Results of in vitro cell-free expression of NendoU (A) BODIPY-
labeled cell free expression products from expression screening of pHis-TEV-
Nsp15 plasmid. 4-12% Bis-Tris SDS-PAGE gel imaged at 700 nm (red) and 600 
nm (green) to visualize Li-cor Chameleon 700nm ladder (B) Fractions from 
gravity-flow Ni-NTA purification of 1ml preparative cell free expression of 
NendoU assayed with SDS-PAGE. Samples were run on a 4-12% Bis-Tris SDS-
Page gel, stained with Sypro and imaged at 600nm. (C)  SEC chromatogram for 
pooled and concentrated elution fractions from Ni-NTA purification of 1ml 
preparative cell free expression of NendoU. The Protein was purified with 
Superdex 200 Semi-prep in 20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP at 
1ml/ml (pictured, 50 µg test injection). 
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Figure 2.3. Design of RNA substrates for NendoU cleavage that mimic the 5’ end of 
the SARS-CoV-2 anti-sense RNA Determining SARS-CoV-2 NendoU cleavage 
specificity and the optimal substrate for TR-SFX. (A) Multiple sequence alignment 
of nucleotides immediately downstream of the poly U leader sequence of negative 
strand RNA of SARS-CoV-2 and related corona virions. Nucleotides are colored in 
red (U), blue (C), green (A) and black (G). Nucleotides showing 100% conservation 
are highlighted with white text in colored background. RNA structure is shown as 
dot bracket notation above the alignment with co-varying residues marked with an 
asterisk underneath the alignment. (B) Secondary structure model of the first 21 nt 
of SARS-CoV-2 negative strand RNA immediately downstream of the poly U 
leader. Structure determined based on the multiple sequence alignment shown in 
(A). (C) Secondary structure models of synthetic RNA oligos to test the effect of 
various sequence or structural properties on NendoU activity. Expected major 
cleavage sites are shown with red arrowheads. (D) NendoU endoribonuclease assay 
gel for substrates in (C) with bands corresponding to major cleavage sites shown 
with red arrowheads. (E) Surface representation of NendoU crystal structure (PDB – 
6VWW) with the active site cleft colored in red and putative RNA interacting amino 
acids flanking the active site colored in blue. The distance between the blue residues 
is 19.3 Å as measured in PyMol (Schrödinger, Inc.) shown by a white dotted line. 
(F) NendoU endoribonuclease assay for the 6 nt RNA substrate. RNA sequence is 
shown above the gel and the major cleavage site indicated both above the sequence 
and the corresponding band in the gel. (G) NendoU endoribonuclease assay for the 
cleavable and uncleavable 5 nt RNA substrate. Respective RNA sequences are 
shown above the gel and the major cleavage site indicated both above the sequence 
and the corresponding band in the gel for the cleavable substrate. 
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expressed in vitro using a cell-free approach, which alleviates concerns about cell 

viability during induction. Further optimization of expression yields and translation 

product purity may be achieved through improvement of the expression vector and 

variation of the expression conditions to promote monomer stability, for instance through 

addition of a reducing agent to the reaction.  

NendoU activity and preferential cleavage sites  

To determine if cleavage of the poly-U leader is structure or sequence dependent, 

a systematic approach was used in designing an optimal RNA substrate. A multiple 

sequence alignment of the native cleavage site, downstream sequences of SARS-CoV2, 

and closely related coronavirion negative strand RNAs were performed. While the first 

nucleotide following the poly-U tract was an invariant G residue, the alignment revealed 

a conserved 4 bp stem supported by co-variation immediately downstream of this G 

nucleotide (Figure 3A, B). RNA secondary structure modeling studies on 3’ UTR 

negative strand sequence of SARS-CoV-2 did not predict this hairpin likely due to the 

reduced focus on evolutionary conservation in the prediction method used (Andrews et 

al., 2020). Thus, to determine if the length of the poly U tract or the presence of the 

conserved 4 bp hairpin influences the cleavage activity or specificity of NendoU, we 

designed 5 different substrates 3’ end labeled with NIR-800 (Near Infra-Red 800 nm) 

fluorophore (Figure 3C). Substrates 1 and 2 have 3 and 6 ‘U’ residues, respectively. 

Substrate 3 has a mutated ‘U’ nucleotides in the loop region and substrates 4 and 5 harbor 

mutations either disrupting or reinforcing the base pairing of the 4 bp stem (Figure 3C). 

Endoribonuclease assays were setup with 0.6 µM NendoU and 0.5 µM of 

respective NIR-800 labeled RNA in the presence of 5 mM MnCl2 (Figure 3, lanes 2-6) 
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including a mock control without NendoU (Figure 3, lane 1). Both substrates 1 and 2 are 

predominantly cleaved 3’ of the last U residue of the 5’ U tract with similar efficiencies 

irrespective of the length of the U leader (Figure 3, lanes 2, 3) suggesting that the length 

of the U tract does not play a significant role in NendoU cleavage efficiency. Substrate 4 

was predominantly cleaved 3’ of the analogous loop U residue (8th U from the 5’ end) 

(Figure 3, lane 4).  

However, the 4 U residues upstream of this U and downstream of the first U-G 

junction in substrate 4 do not seem to be preferred. Firstly, the reason that the analogous 

loop U residue (8th U from the 5’ end) is cleaved with higher efficiency in substrate 4 

than substrate 1 or 2 is likely due to the destabilization of the 4 bp stem that facilitates 

better access of NendoU to this residue as substrates 1 and 2 have a stable stem that 

might restrict binding of the loop U residue to the NendoU active site (Figure 3C). 

Additionally, mutating the loop U residue to a C in substrate 3, completely abolishes 

cleavage of the bond following this nucleotide (Figure 3D, lane 5) consistent with the 

cleavage occurring 3’ of a U residue. Finally, substrate 5 is only cleaved after the 3rd U 

but not the 5th (Figure3D, lane 6) reinforcing that a G or an A is needed 3’ of the U for 

efficient cleavage. Overall, this suggests that the preferred bond cleaved by NendoU is 

between a U and a purine, with cleavage occurring 3’ of the U and the preferred substrate 

is unstructured RNA as structural elements involving the cleavage site or proximal to the 

cleavage site seem to have lower cleavage efficiency. Thus, substrate 5 with a single 

preferred cleavage site with a stable stem is suitable for crystallographic purposes and 

was chosen to proceed forward with downstream experiments. 
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Next, we aimed to determine the minimal length of the substrate capable of being 

cleaved by NendoU. The length of the active site cleft in the published structure of 

SARS-CoV-2 NendoU (PDB ID – 6VWW) was determined to be 19.3 Å by 

measurements in PyMol (Figure 3E). As the distance between two consecutive residues 

in RNA is 3-4 Å, a 6 nt RNA would likely be sufficient to be bound and cleaved by 

NendoU. Thus, 6 nt and 5 nt substrates were designed with a single preferred ‘U-G’ 

cleavage site (5’-AAUGAA-3’) and (5’-AUGAA-3’) respectively. Both substrates were 

cleaved with high efficiency by NendoU at the expected cleavage site (Figure 3F, lanes 

3, 4 and Figure 3G, lane 2) while controls without NendoU produce intact substrate 

bands (Figure 3F, lane 2 and Figure 3G, lane 1). Additionally, an identical 5 nt 

substrate with a 2’-deoxyuridine which does not contain the 2’-hydroxyl on the Uridine 

preventing enzymatic cleavage was synthesized. As expected, NendoU cannot digest this 

substrate (Figure 3G, lane 4). Thus, either the 5 nt cleavable or uncleavable RNAs were 

the substrates of choice for further experimentation. 

NendoU Microcrystallization  

After a broad screening for potential micro-crystallization techniques, two micro-

crystallization conditions were developed and optimized for the SFX experiments at 

SLAC National Accelerator Laboratory at the Linac Coherent Light Source (LCLS) 

(Menlo Park, CA). Two different crystallization methods were established and are shown 

in Figure 4. In the first method crystals are grown by ultrafiltration, where the protein 

concentration is increased under low salt conditions. These crystals had a needle 

morphology increasing the length to 5 – 10 µm. Figure 4D shows the phase diagram for 

this crystallization method, where crystallization takes place in the region of the phase 
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diagram that is referred to as “reverse of salting in”. The solubility is decreased at low 

salt concentration, where the surface of the protein becomes depleted from counter ions, 

thereby fostering formation of crystal contacts between protein side chains of opposite 

charge. This method has been used previously for crystallization of the large 

photosynthetic membrane protein Photosystem I.  

In the second method NendoU crystals were grown by a batch crystallization 

method with agitation where protein was added dropwise to the precipitant solution under 

agitation in a glass vial at room temperature (Figure 4B). Figure 4A illustrates how the 

nucleation zone is reached stepwise in the phase diagram using this method. NendoU 

crystals grown in batch with agitation condition a shard morphology and were 

approximately 2 µm in length, width, and height (Figure 4C). The crystallization is also 

referred to as the “citrate condition,” in reference to the precipitant in the condition.  

Figure 2.4. Microcrystallization of NendoU for SFX studies. Crystals grown by 
ultrafiltration use a high protein concentration under low ionic strength. Crystals 
with a needle morphology, 5 – 10 µm in size were observed. Crystals grown in the 
batch with agitation method produce 2 µm crystals with a shard morphology.    
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As citrate binds to the catalytic site of NendoU we have attempted to remove 

citrate from the crystals grown with citrate in the crystallization buffer by a 5-step 

washing procedure. 1 ml of the crystal suspension was centrifuged for 1 minute at 

200rpm in a 1.5 ml reaction vessel. The supernatant was completely removed and 1 ml 

washing buffer was added which contained PEG and MPD but no citrate. The crystals 

were gently resuspended with pipette mixing and then again centrifuged. This washing 

procedure was repeated 5 times before the crystals were resuspended in 1 ml of the 

washing buffer for sample delivery. 

NendoU is Active in the microcrystals    

To determine if NendoU crystals are enzymatically active, endoribonuclease 

assays were performed by incubating substrate number 5 with crystals with and without 

MnCl2. Remarkably, the crystals can efficiently cleave the RNA substrate even in the 

absence of Mn2+ ions suggesting that Mn2+ is not necessary for in crystal enzymatic 

cleavage as shown in Figure 5A, lanes 1, 2. We performed additional experiments to 

verify substrate turnover was due to the protein remaining active within the crystal, as 

opposed to the substrate being cleaved by the protein upon crystal dissolution. The crystal 

activity cleavage experiments were centrifuged following the reaction and the supernatant 

was assayed for solvated NendoU protein (Figure 5B). Both in the presence and absence 

of Mn2+, no significant amount of protein was detected in the supernatant (Figure 5B). 

Further, the pelleted crystals post centrifugation did not show visible loss of crystal 

integrity due to dissolution under a microscope (Figure 5C). Finally, as expected, the 

crystals can also digest the 5 nt substrate with high efficiency and consistently in the 
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Figure 2.5. Determining catalytic activity of NendoU crystals and crystal stability 
post catalysis. The crystals grown by the batch method in the presence of citrate were 
used for this experiment (A) NendoU crystals endoribonuclease assays for 21 nt RNA 
(substrate #5). Secondary structure model shown above RNA gel with the major 
cleavage site shown with red arrowheads underneath the RNA structure and the gel. 
(B) Bradford assay of supernatant from the crystal enzymatic assay to test crystal 
dissolution. Bradford assay standard curve (top) with concentration determination of 
samples or controls shown (bottom). (C) Polarized microscopy images of crystals post 
in-crystals enzymatic cleavage reactions. Drop overview (top row) and zoom (bottom 
row) shown with corresponding samples labeled above each image column. (D) 
NendoU crystals endoribonuclease assays for 5 nt RNA substrate. Sequence shown 
above RNA gel with the cleavage site shown with red arrowheads underneath the 
RNA sequence and besides the gel. 
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absence of Mn2+ ions (Figure 5D, lanes 2, 3). Overall, these experiments suggest that the 

crystals are catalytically active and intact during and post catalysis. 

Room Temperature serial fs crystallography data collection on different crystal forms of 

NendoU 

The first room temperature structure of NendoU was determined by serial fs 

crystallography to 2.6 Å. Data was collected at the Macromolecular Femtosecond 

Crystallography (MFX) beamline at the LCLS. The WT of NendoU was crystallized in 

the presence of PEG and citrate by the batch method as well as an ultrafiltration 

procedure at low ionic strength described above. 

Test of different injection system for serial fs crystallography data collection at LCLS 

data was collected at 30 fs nominal pulse duration with a repetition rate of 120Hz. The 

ultimate future goal of the XFEL studies of NendoU are time resolved SFX studies, with 

mix and inject systems to study the dynamics of the enzymatic cleavage of RNA by 

NendoU. We therefore used two sample injection systems that are designed for future 

mix and inject studies for our SFX data collection of NendoU crystal diffraction: Co-

MESH and GDVN. The Co-MESH system is based on a concentric-flow electrokinetic 

injector, where jetting is achieved by application of a voltage to the system. The crystals 

in their mother liquor can be mixed with substrate through a simple T-intersection.  

The Co-MESH system has the advantage that it can operate at low flow rates 

down to 3 ul/min and thereby conserves sample compared to the Gas dynamic virtual 

nozzle (GVDN) system (Weierstall, 2014; Weierstall et al., 2012) that had been 

developed by U Weierstall for SFX experiments and routinely uses flow rates of 15-25 

µl/min. Another advantage of the co-Mesh system is that it generates a concentric jet that 
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is 30-50 um diameter in diameter and thereby increases the chances that the crystal is 

located in the interaction region. This could increase the chance of the crystals to interact 

with the X-ray beam and thereby increases the “hit rate” which is defined as the 

percentage of images collected that feature an X-ray crystal diffraction pattern. 

However, the co-Mesh system also has challenges: it cannot operate in a Helium 

atmosphere because of the danger of voltage arching damaging the X-ray detector, 

therefore data must be collected in air with increased background scattering. The thicker 

jet also decreases the signal to noise ratio due to the higher background contribution, 

which is a disadvantage for data collection on very small crystals. Furthermore, the 

achievable mixing time points for future TR-SFX studies would be longer. Timepoints 

between 500 ms and multiple seconds could be achieved, therefore capturing only the 

longer time points of the catalytic cycle. 

Data collection and analysis 
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Representative diffraction patterns from the NendoU protein crystals are shown 

from the GDVN system in the Helium chamber and the MESH injector operating in air 

(Figure 6A). The background contribution from the 3D printed mix-and-inject injector 

system (Figure 6, left) is strongly reduced compared to the MESH injection in air 

(Figure 6A, right). While the maximal peak intensity of the crystal diffraction is similar 

with maximal peak intensities of 1000 to 1500 counts for the highest intensity peak 

pixels, the backgrounds vary. The average background count/pixel is only 30-50 counts 

for the data collected in He with the 3D printed GVDN system, but the average 

background pixel count is >300 for the data collected in air with the co-Mesh system.  

The MESH injector was selected for subsequent data collection. Data collection 

statistics for all datasets are presented in Table 1, along with the refinement statistics for 

the citrate crystallization condition. Representative diffraction patterns for the different 

crystallization conditions comprising the citrate condition, the low salt 

Figure 2.6A Representative Diffraction pattern for NendoU-citrate crystals injected 
with the 3D printed GDVN system in Helium (left) and the co-MESH injector in air 
(right). The detector counts around a Bragg spot at a similar scattering angle for 
individual pixels are displayed in the red insert.  
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(ultracentrifugation) condition and the washed condition are depicted in Figures 7B, C 

and D.  
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The data statistic show the crystals grown in the presence of citrate and PEG 

diffract to a significantly higher resolution, 2.6 Å, compared to the crystals grown at low 

 
Figure 2.7. B, C, D Representative Diffraction patterns of different NendoU crystals. 
Representative diffraction patterns with resolution rings are shown on the left and the 
corresponding indexing solution is shown on the right. (B) crystals grown with 
PEG/citrate/MPD using the batch with agitation method (C) Crystals grown at low 
ionic strength using the ultrafiltation method (D) Crystals grown with 
PEG/citrate/MPD which were washed 5 times in washing buffer that contained PEG 
and MPD but no citrate. 
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salt, for which maximal diffraction was observed to 4.4 Å. Therefore, data evaluation and 

structure determination were focused on the crystals grown by batch with agitation.  

In preparation for future time-resolved studies where we would aim to mix apo 

NendoU crystals with substrate, we washed the NendoU crystals grown in the citrate 

condition 5 times with a citrate-free stabilization buffer before the sample was delivered 

to the XFEL beam.  While we had feared that the washing could impair the diffraction 

quality of the crystals, the data statistics show that the diffraction quality was not affected 

by attempts to wash the crystals in a citrate-free buffer.  

Room temperature structure of NendoU 

Figure 8 A and B show the RT structure of NendoU determined at a resolution of 

2.6 A based on the SFX data collected from NendoU crystals grown under the 

PEG/citrate conditions and delivered with the MESH injector system.  NendoU forms a 

hexamer featuring a dimer of trimers (Fig 8B), which form a double ring consisting of 

one trimer of monomer A (bottom in Figure 8) and one trimer of monomer B (top in 

figure 8). One monomer of each trimer is in the asymmetric unit (Figure 8A). 
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NendoU 7K9P    

Data Collection    

 Citrate MESH 

7K9P 

Low Salt 

MESH (pH 

7.5) 

Citrate 

GDVN 

Citrate 

MESH 

washed  

X-ray Wavelength [Å] 1.277 1.277 1.277 1.277 

Spacegroup P63 P63 P63 P63 

# indexed patterns 25 123 6 843 168 3 365 

a,b,c (Å) 

α, β, 𝛾𝛾 (°) 

153.4, 153.4, 

116.8 

90, 90, 120 

153.6, 153.6, 

117.9 

90, 90, 120 

153.8, 

153.8, 

117.2 

90, 90, 120 

153.5, 

153.5, 

116.9 

90, 90, 

120 

Resolution (Å) 33.59 – 2.6 

(2.69-2.6) 

35.44 – 4.4 

(4.49-4.4) 

30.56 – 3.0 

(3.16-3.0) 

33.62 – 

3.0 (3.11-

3.0) 

# unique Reflections 94 549 (9 443) 21 162 (2 645) 11 617 

(900) 

61 688 (6 

204) 

Redundancy 100 (70) 312 (236) 2 (2) 17 (12) 

SNR 3.1 (0.2) 1.1 (0.2) 10.0 (4.4) 1.6 (0.2) 

Completeness (%) 100 (100) 100 (100) 18.7 (10.2) 100 (100) 
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CC* 0.97 (0.23) 0.94 (0.20) 0.80 (0.55) 0.85 

(0.27) 

CC1/2 0.88 (0.03) 0.78 (0.02) 0.47 (0.18) 0.57 

(0.04) 

Structure Refinement    

Rwork 0.191  

Rfree 0.201 

Mean isotropic B-

factor [Å2]  

47.7 

Wilson plot B factor 

[Å2] 

86.4 

# Atoms 

    Protein 

    Solvent 

    Heterogen 

 

5504 

16 

26 

R.m.s.d., bond lengths 

[Å] 

0.006 

R.m.s.d., angles [°] 1.034 

Ramachandran plot 

[%] 

   Favored 

   Allowed 

 

94.94 

4.19 

0.87 
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   Outliers 

Table 2.1: Data statistics for the SFX data sets collected on NendoU crystals grown 
under different crystallization conditions and delivered with different sample injection 
systems: 1st column, data set of  crystals were grown with the PEG/citrate 
crystallization buffer and delivered with the MESH injection system, this data set is 
complete and has been evaluated and  fully refined to 2.6 A resolution. The Structure 
has been deposited in the pdb under accession code 7K9P. Refinement was only 
attempted for this data set and statistics are given in the table.   2nd column, data set 
collected from crystals grown under low salt conditions and delivered with the MESH 
injector, 3rd column, data set collected from crystals grown in PEG/citrate and 
delivered with the MIX GVDN injection system, 4th column data set of the crystals 
grown in PEG/citrate which underwent a 5 step washing procedure with stabilization 
buffer without citrate, which were also delivered with the MESH injector. 

The structure determined at room temperature reflects the native state of NendoU, 

where dynamics of the molecule are not frozen. In Figure 8 RIGTH we compare the RT-

SFX and the cryogenic structure determined by Kim et al (Y. Kim et al., 2020) (both with 
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citrate bound to the active site).  Our room temperature structure is slightly more 

extended compared to the standard crystallography structure determined under cryogenic 

conditions, which is also reflected in the slightly larger unit cell of the SFX room 

temperature structure. This effect is not unexpected and has also been seen by 

comparison of other structures where both SFX and cryo-X-ray structures have been 

determined (W. Liu et al., 2013). More interesting is that the monomers are shifted 

relative to one another. So the room temperature structure features a shift of the 

orientation of monomer B versus monomer A. This indicates that there is some flexibility 

at room temperature between the two trimers in the hexamer. To investigate differences 

in the flexibility we compared the B-factors of the two structures.  

Figure 2.8. Room temperature SFX structure of NendoU (A) structure of the two 
monomers in the asymmetric unit, monomer A  (chain A) is depicted in blue and 
monomer B (chain B) is depicted in green; (B) side view of the NendoU hexamer, 
which is arranged in the form of a dimer of trimers, which form a double ring 
structure . The bottom ring consists of the trimer of monomers A (blue) and the top 
ring of the trimer of monomers B (green).  (C) Overlay of the RT SFX structure of 
NendoU (this work pdb entry 7K9P in violet) with the structure determined by 
Kim et al (Y. Kim et al., 2020) by standard crystallography under cryogenic 
conditions (PDB entry 6W01 in orange). Please note that a clear relative shift of 
the monomers is evident.  
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The structure determined at room temperature reflects the native state of NendoU, 

where dynamics of the molecule are not “frozen”. We will now compare the RT-SFX and 

the cryo-MX (both with citrate bound) concerning their B-factors, which gives 

indications of the flexibility of the protein. 

To illustrate these differences, we show the comparison of the structures with the 

B-factor analysis of the two NendoU molecules in the asymmetric unit in Figure 9. This 

Figure 2.9. Comparison of the B factors of the RT-SFX and Cryo-MX structures 
of NendoU. Cartoon representation of the protein, colored with the lowest B-
factors (i.e. least flexible domains) depicted in blue and highest B-factors (i.e. 
highest flexibility domains) depicted in red: LEFT: structure of NendoU  from 
Kim et al (pdb 6W01) determined by standard macromolecular crystallography 
under cryogenic condition (Cryo-MX) (Y. Kim et al., 2020), RIGTH:  RT SFX 
structure of  NendoU from this work (PDB: 7K9P). 
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figure features the cryo-MX structure from Kim et al (Y. Kim et al., 2020)(pdb 6W01) on 

the left and the RT-SFX structure determined in this work on the right (pdb 7k9P). 

The first imminent difference is that the RT-SFX structure shows overall higher 

B-factors than the cryo-MX structure of NendoU. This is expected as molecular motions 

 
Figure 2.10. Differences in Binding sites of citrate in the RT-SFX structure TOP 
Comparison of electron density (2Fo-Fc map) of citrate in the binding sites of the 
more rigid molecules A and the more flexible NendoU molecule B. Please note 
that the electron density for citrate is better defined in the rigid molecule A than in 
the more flexible molecule B. BOTTOM: Ligand plot analyses of the citrate 
molecules in both binding pockets. Residues that are in equivalent 3D positions 
when the structural models are superposed are circled in red. Please note that the 
orientation and hydrogen bonding network is different for citrate in chain A and B, 
with a closer hydrogen bonding network of citrate identified in the low flexibility 
molecule A compared to the hydrogen bonding network of citrate in the binding 
site in the NendoU molecule B.  
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are frozen under cryogenic conditions while the molecules have higher flexibility at room 

temperature, thereby presenting the more native state of NendoU. 

The next striking feature is that the NendoU molecules in both the cryo-MX and RT-SFX 

structure feature a dominant difference in the flexibility of the structures of chain A and 

B, where the NendoU molecules in the lower ring (molecules A) are much more rigid 

than in the upper ring (molecules B). The RT-SFX structures shows that the chain B is 

much more flexible than chain A, which also explains why it has shifted its orientation in 

the RT structure compared to the structure determined under cryogenic conditions. 

Differences in the citrate Binding sites between the two chains of NendoU  

Now we will compare the binding of citrate in the two binding sites in the RT-

SFX structure of NendoU. Figure 10 shows the comparison of citrate located in the 

binding sites of the more rigid NendoU chain A and the flexible Chain B. 

The top section shows the comparison of the electron density maps in the two binding 

sites. Here it is clearly evident that the electron density for citrate in the binding site of 

the more rigid NendoU molecule A is better defined than the electron density for citrate 

in the more flexible binding site of monomer B. Furthermore, the binding conformation 

and hydrogen bonding network are different between the two binding sites, where the less 

flexible binding site A shows a more tightly connected hydrogen bonding network 

compared to binding site B as shown in the ligand binding analysis shown in Figure 11 

bottom. To confirm the results, we have also calculated omit and POLDER maps that are 

shown in Supplementary Figures 3 and 4. 

Citrate can be removed from the flexible Binding site B 
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For future time-resolved studies it is very important to know if citrate can be 

removed from the catalytic site post-crystallization. We implemented a washing 

procedure where crystals were sedimented by low speed centrifugation and washed five 

times with citrate-free washing buffer that contained PEG and MPD. The crystals 

survived the washing steps and data were collected from these washed crystals. The data 

statistics is shown in Table 2. Unfortunately data collection was restricted to 20 minutes 

at the end of our last shift at LCLS. Therefore this data set consist only of 3365 indexed 

images with a multiplicity of 17 overall and 12 for the highest resolution shell, which is 

borderline for the refinement of an SFX XFEL structure. We have therefore not refined 

this structure and show the non-refined electron density maps for the catalytic sites in 

Figure 12. 

While the less flexible catalytic site A features a  large electron density “blob” 

that resembles the density of an unrefined  citrate  in the catalytic site the unrefined 

electron density in the catalytic site of the more flexible B site features several smaller 

Figure 2.11: Non-refined electron density maps for the washed NendoU crystals 
in the catalytic sites of NendoU chains A and B. LEFT The electron density in the 
more flexible B-site shows multiple smaller electron density ”blobs” indicating 
that they  may not come from a single larger ligand molecule, but could instead 
represent a network of water molecules.  RIGTH: The single large electron density 
“Blob” resembles unrefined citrate. All maps are 2Fo-Fc maps contoured at 1.0 σ.  
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electron density “blobs” that  could represent a network of water molecules. While this 

result is preliminary it may indicate that the two catalytic binding sites have different 

affinity for citrate and that citrate can be removed from the more flexible B binding sites, 

which is very interesting for future time-resolved studies on NendoU. 

2.5 Discussion 

One important requirement for future time resolved studies is that the substrates 

will be able to diffuse into the crystal and that the catalytic sites are accessible to the 

substrates via solvent channels. We therefore analyzed the crystal packing and the size of 

the solvent channels in the NendoU crystals as shown in Figure 12. 

The NendoU crystals contain a wide solvent channel of 100A that will allow even very 

large substrates to diffuse into the crystals. Even more exciting is the fact that both 

catalytic sites in the A and B chain are accessible to the solvent channel. This explains 

why our crystals are highly active in cleaving the large RNA substrates of 5 and 21 

nucleotides mimicking the 5’ end of the SARS-CoV-2 negative strand RNA. We 

therefore conclude that the crystal packing with large solvent channels along the C-

Figure 2.12. Packing of NendoU and solvent channels in the crystals LEFT: view 
along the a/c axis with outline of the location of the hexamer MIDDLE: view 
along the hexagonal c-axis visualizes the large 100 A wide solvent channels along 
the c-axis of the crystals RIGTH: zoom in to the two catalytic sites. Both sites are 
highly accessible to the large solvent channel. Note that catalytic site A is fully 
open to the solvent channel while site B is more secluded. 
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axis provides full access to the catalytic sites, ideal for future time resolved studies 

with the final goal of determining a molecular “movie” of the catalytic reaction of 

NendoU.   

Another interesting finding is that the A-site is wide open to the solvent channel, 

while the B-site is more secluded. It was therefore initially unexpected when we 

discovered that we can potentially remove the citrate from the more secluded B site by 

washing of the crystals, while citrate stays tightly bound in the A site, which is wide open 

to the solvent channel.   

The B-factor analysis provides a potential explanation: the B site is much more 

flexible than the A site and binds citrate less strongly, therefore potentially allowing for 

an exchange of the citrate by water molecules in the binding site. This finding also has a 

great impact on the relevance of our findings as it leads to the conclusion that the higher 

flexibility of the B trimer and its catalytic site compared to the A site is not caused by 

restrictions in crystal contacts but that this higher flexibility is an intrinsic feature of the 

NendoU hexamer. 
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To investigate this point further it is important to compare our structure with the 

recently determined cryo-EM structure of NendoU with bound RNA (Pillon et al., 2021), 

(M. N. Frazier et al., 2021). One of the most coveted structures yet to be revealed is 

NendoU in complex with long RNAs. There is an apparent threshold at three nucleotides, 

with structures published (M. N. Frazier et al., 2021) that identified densities for 2 of the 

3 nucleotides in two structures they refer to as pre-and post-cleavage structures. 

Interestingly only one of the two trimers in the cryo-EM structure contained well defined 

electron density for the nucleotides in the binding site. While there was some density in 

the catalytic sites of the other trimer, it could not be positively identified as nucleotides in 

the second trimer. They therefore applied C3 symmetry and built their structural model 

with nucleotides only in one of the two trimers. This is a very interesting result of the 

cryo-EM structure and combined with our results shows that different flexibilities for the 

Figure 2.13: Flexibility analysis of the RT-SFX trimer of NendoU and 
comparison to the cryo-EM structure with nucleotides bound in the P1 ,P2 and P3 
monomers in the trimer. (A) Surface model of the TR-SFX structure of the NendoU 
Hexamer colored by B-factors (blue, low B factor; pink, medium B-factors; red, high 
B-factors). (B) Backbone depiction of the RT-SFX trimer with view from the top, 
where the catalytic sites show high B-factors (red arrows). (C) View from the bottom, 
where the catalytic sites show medium B-factors. (D?) Cryo-EM structure from 
Frazier et al (Frazier et al., 2021) with the view from the bottom on the trimer which 
has nucleotides bound in the 3 catalytic sites P1, P2 and P3. 
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two timers in the NendoU hexamer is an intrinsic and very likely functionally important 

feature of NendoU. This poses two major questions: Why would only one of the two 

trimers bind and cleave substrate and why is the hexamer required for catalytic activity? 

We want to put forward the new hypothesis that NendoU may catalyze cleavage 

of the coronaviral negative strand RNA by a binding change mechanism. In this model 

shown in Figure 14 the affinity of the substrate would alternate between the timers in the 

hexamer. In this model, substrate would be bound only to the high affinity trimer that 

would corresponds to the trimer A in our structure, which in this model would correspond 

to the same trimer that contains a 2 nucleotide RNA fragment in the binding site of the 

pre and post cleavage cryo-EM structures of Frazier et al. (M. N. Frazier et al., 2021). 

The B site trimers feature a high flexibility and therefore do not or only weakly bind the 

substrate, which would explain why the catalytic site is empty in the second trimer in the 

cryo-EM structure. The cleavage of the RNA in trimer A would provide the energy for 

the triggering of a conformational change where the catalytic sites in trimer A would 

become weakly binding, thereby enabling substrate release. Simultaneously the catalytic 

sites in Trimer B would change their conformation and tightly bind the substrate and 

catalyze the next round of RNA cleavage. Thereby NendoU would follow a binding 

change mechanism that is similar to the process of ATP synthesis by the ATP-synthase, 

which had been proposed by Paul Boyer a long time before any structural information 

was available from this enzyme (Boyer, 1998). Decades later he received the Nobel Prize 

in Chemistry for the binding change mechanism.  
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This functional binding change model would explain the fact that the hexamer is 

essential for the function, the fact why only one trimer contains RNA in the cryo-EM 

structure and also explain why we observe strong intrinsic differences in flexibility 

between the two trimers and why we can remove the citrate from the flexible binding site 

but not from the tightly bound site. While the proposal of a binding change mechanism 

for NendoU is a pure hypothesis at this time, it will be very exciting to see if it could be 

confirmed by future time-resolved studies on NendoU,    

Conclusions and Outlook 

The SARS-CoV-2 endoribonuclease, NendoU, has become a focal point of 

structural studies in COVID-19 research for its role in viral evasion of the host immune 

system and applications in antiviral drug development. Structural studies demonstrate the 

Figure 2.14. Scheme of the binding change mechanism for the function of U-RNA 
hydrolysis by hexameric NendoU (The hexamer is depicted in a side view) LEFT: 
the bottom trimer with the low flexibility (pink) has the U-RNA substrate bound in 
its tight binding sites. The binding sites of the highly flexible trimer (red) have a 
lower binding affinity and are empty MIDDLE: Cleavage of U-RNA into U + 
RNA provides the energy for a change in binding affinity, where the bottom 
trimers become highly flexible (red) lowering the binding affinity leading to the of 
the products U and RNA. The top trimer becomes less flexible (pink) and its 
substrate binding site changes to high affinity RIGTH: U-RNA binds to the high 
affinity binding sites of the top trimer initiating the next round of the cycle. 
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highly conserved nature between SARS-CoV, MERS-CoV, and SARS-CoV-2 and 

congruent results between techniques. This work describes the first room temperature 

structure determination of NendoU by serial fs crystallography at an XFEL, which paves 

the way for future time resolved SFX studies, which could discover the mode of substrate 

binding, the catalytic mechanism of cleavage and the substrate release. We have 

established both in vivo and in vitro expression systems for NendoU and established 

large scale isolation and purification procedures for NendoU which will be suitable for 

future time-resolved studies, with notoriously large sample consumption.  

Two different mix and inject systems have been successfully established that can 

be used for future time resolved studies. Based on critical 2D structure prediction of the 

negative strand RNA of NendoU from SARS-COV-2, we have designed 5 and 21 

nucleotide substrates that mimic the 5’end of the RNA before the poly-U header. For 

both substrates we established functional assays that confirmed that NendoU fast cleaves 

these large RNA substrates both in solution and in assembled into crystal. The design and 

functional studies of multiple length RNAs coupled with optimized microcrystallization 

conditions at an XFEL light source set the foundation for time resolve studies of 

NendoU. Attempting time resolved studies of NendoU could reveal critical insight into 

the docking, cleavage, and substrate release performed by NendoU. Any structure of 

NendoU in complex with larger RNAs could begin to address questions regarding 

allosteric interactions between longer RNA sequences with areas beyond the active site. 

Additionally, it may unravel the role of manganese in coordinating the RNA – explaining 

why Mn has yet to be seen in any structure despite being a manganese-dependent 

reaction.  
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TR-SFX experiments may be critical for unlocking these structures for multiple 

reasons. Firstly, one hypothesized reason for the difficulty in obtaining these elusive 

structures is the fragile nature of longer RNAs that are subject to degradation. Incubation 

of NendoU with RNAs allows time for the slightest RNaseA contaminant to degrade the 

RNA prior to data collection. This may explain why the shorter incubations used in 

preparing CryoEM samples (1hr) have been more productive than attempts at standard 

cryogenic crystallography that can require hours or even days depending on the 

preparation method.  

By using a mix-and-inject method, a sterile preparation can be used to house an 

RNA sample without exposure to other components risking contamination. The short 

mixing times by the 3D printed nozzle immediately prior to diffraction would circumvent 

this possible issue. The nature of SFX experiments allows for diffraction of nanocrystals 

and small microcrystals, which is advantageous for fast diffusion times of the RNA into 

the crystals.  

 The first RT structure of NendoU shows strongly different flexibility of the two 

trimers in the hexamer, with one tight and one more flexible catalytic site. This 

heterogeneity in the binding affinity is also observed in the cryo-EM structure of NendoU 

with RNA bound (M. N. Frazier et al., 2021), indicating that the difference in flexibility 

and binding affinity may be an intrinsic and functionally important feature of NendoU. 

Based on these findings we present the hypothesis that NendoU may feature a binding 

change mechanism, however this idea has to be experimentally explored in future studies.   

We propose to approach this discovery challenge with time-resolve (TR) mix-and-inject 

serial femtosecond crystallography (SFX) at an X-ray Free Electron Laser (XFEL) light 
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source. Proposed TR-SFX studies hold the potential to directly observe the NendoU 

mechanism; however, these studies are also intensely intricate in nature and require 

extensive preliminary results and preparation. Such preparatory results from LCLS 

experiments to develop XFEL optimized conditions are presented in this study, 

culminating in the first room temperature structure of NendoU by SFX.  Therefore, this 

study paves the way for future time resolved serial fs crystallography studies to 

investigate the mechanism of RNA cleavage by NendoU. It will be very exciting to 

explore the hypothesis that NendoU may cleave RNA by an allosteric binding change 

mechanism.  
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2.6 Supplemental Information 

2.6.1 Supplemental Figures 
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Supplemental Figure 2.1. NendoU (Nsp15) construct design (A) Plasmid map of 
pHis-TEV-Nsp15 based on PDB: 6VWW (Y. Kim et al., 2020). (B) Amino acid 
sequence of pHis-TEV-Nsp15 (C) Nucleic acid sequence of pHis-TEV-Nsp15 
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Supplemental Figure 2.2. Isolation, purification and biophysical characterization 
of the isolated NendoU protein. (A) Ni-NTA affinity chromatogram (B) SDS gel-
electrophoresis of the elution fractions. The gel was stained with Coomassie 
staining sensitive to 5ng of protein (C) size exclusion chromatogram (D) SDS gel-
electrophoresis of the SEC fractions, (E) dynamic light scattering of the purified 
NendoU shows a monodisperse solution with uniform size distribution 
corresponding to a hexameric assembly (F) anti-His immunoblot of NendoU 
following SEC purification.   
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CHAPTER 3 

SARS-COV-2 PROTEIN, NENDOU, AS A NON-STANDARD MODEL PROTEIN 

FOR MACROMOLECULAR CRYSTALLOGRAPHY 

Text and figures in this chapter are printed with permission from co-authors: Dhenu 

Logeswaran, Nirupa Nagaratnam, Jose Martin-Garcia, Sabine Botha, Thomas Grant, 

Gihan Ketawala, Michelle Sheikh, Megan Shelby, Mimi Cho Yung, Matt Coleman, 

Emily K. Kaschner, Matthew R. Goode, Michele Zacks, Debra T. Hansen, Raimund 

Fromme, Matthias Frank, Julian Chen and Petra Fromme 

3.1 Abstract 

 Model proteins are frequently needed to demonstrate technology and method 

development in crystallography, prior to wide-spread application and distribution. In 

doing so, model proteins that more closely resemble user proteins are often desirable to 

demonstrate feasibility and application. The NendoU protein from SARS-CoV-2 is an 

exciting target for its role in evasion of the innate immune system, but also fulfills the 

needs for many different needs in crystallography. The NendoU H234A mutant expresses 

in large quantities making it suitable for crystallography experiments, such as serial 

crystallography, which require high sample consumption. Additionally, crystals of 

NendoU can be grown using different methods like vapor diffusion, batch, batch with 

agitation, and dialysis and can be adjusted for different size distributions. As an enzyme, 

NendoU can also be studied in respect to substrate and inhibitor binding experiments for 

time resolved experiments. This fits the needs of a wide range of testing new technology 

and devices that require a model protein but wish to use something less common than the 
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standard proteins like lysozyme, which are too easy to crystallize and handle to serve as a 

good model system. 

3.2 Introduction 

Model proteins are key for further developments in areas from new methods to 

novel technologies and education. These proteins are often known for their robust nature 

and usefulness. Lysozyme is the most classic example of a model protein as it is easy to 

obtain as it can be purchased and is cheap, it is crystallizable in many conditions and by 

different methods, it is resilient to denaturation, and it is easy to grow well-diffracting 

crystals that diffract to high resolution. But as methods advance, “intermediate” model 

proteins are often desirable to prove methods because what works for a protein like 

lysozyme may not translate well to other more difficult to isolate and crystallize proteins. 

These non-standard model proteins are needed as a closer match to the sensitivity of other 

proteins, but still maintain versatility for use. In this paper, we propose NendoU from 

SARS-CoV-2 as a non-standard model protein for macromolecular crystallography.  

The emphasis of SARS-CoV-2 research yielded many impressive findings 

towards the study of disease. NendoU is the uridine-specific nidoviral endoribonuclease 

expressed by the nsp15 gene of the SARS-CoV-2 virus. Functionally, NendoU assists the 

SARS-CoV-2 virus in evasion of the innate immune system. In research conducted to 

determine its catalytic mechanism and the exploration as a potential drug target, NendoU 

has also demonstrated notable characteristics for crystallographic studies.  

NendoU is not an easy target protein. It was first noted that it took five days to 

develop a  crystallization pipeline for the NendoU apoprotein, including expression, 

purification, crystallization, data analysis, and structural deposition (Youngchang Kim et 



  69 

al., 2020). Since the beginning of the pandemic, there are 40 crystal structures deposited 

in the Protein Data Bank (PDB) for NendoU which include mostly cryo-MX, but also one 

room temperature SFX crystal  structure; large, single crystals and serial microcrystals; 

apoprotein and ligand bound structures; and finally, the first nucleotide bound structures 

that serve as substrates  have been determined and  intermediates proposed. In this paper, 

we explore the many different crystallization conditions and uses of NendoU.  

3.3 Methods 

Protein Expression 

Expression of wildtype NendoU was optimized from prior methodology 

(Makowska-Grzyska et al., 2014 & Kim et al., 2020). The plasmid for Nsp15-TEV-His6 

(plasmid pHis-TEV-Nsp15; Chapter 2) was obtained from GenScript and transformed 

into commercial competent Escherichia coli BL21-Gold (DE3) cells from Agilent 

Technologies. Starter cultures were prepared by inoculation of a single colony into a 

50 mL LB Lennox (10 g Tryptone, 5 g yeast, 5 g NaCl) media (+50 µg/mL carbenicillin) 

and grown at 37 °C overnight with 180 RPM shaking. Small cell cultures of 100 mL were 

inoculated with 1 % of an overnight starter culture and grown at 37 °C with 180 RPM 

shaking. Three types of media were tested: LB Lennox, LB Miller, and TB media under 

the same antibiotic conditions. The cultures were grown to an OD600 of ~0.95 – 1.0 and 

the expression of NendoU in the cells was induced under the following conditions: 

0.2 mM and 0.4 mM IPTG, 0 and 0.1% glucose. Once induced, the cultures were grown 

at 18 °C overnight. Whole cell contents were analyzed by SDS-PAGE gel with 

Instantblue™ Coomassie stain and anti-His western analysis. Large scale expression was 

performed under the same conditions, scaled to 1 L cell cultures using LB Miller media 
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with 50 µg/mL carbenicillin antibiotic. Cells were induced with 0.4 mM IPTG and 0.1% 

glucose. Cells were harvested by centrifugation at 7,000 xg for 15 min at 4 °C. 

An additional optimization was performed using the small-scale expression using 

the Kim, et al. 2020 expression condition of LB Lennox, but with reducing agents in the 

induction step. The positive control of induction based on the Kim, et al., 2020 conditions 

was performed with 0.1 % glucose, 40 mM K2HPO4, and 0.2 mM IPTG. Additional 

reducing agents were tested in combination with the standard induction conditions: 

12 mM dithiothreitol (DTT) and 50 mM reduced glutathione (GSH). A control with no 

inducing agents was also performed. The 12 mM DTT reducing condition was scaled up 

to a one liter growth for expression comparison. 

Protein Purification 

Purification of the NendoU protein was performed based on the Kim et al., 2020 

protocols with modifications and were identical to the previously described methods in 

Chapter 2 (Youngchang Kim et al., 2020). 

Batch – microcrystals <20 µm (LCLS Beamtime P182) 

Batch crystallization was performed by rapidly mixing the protein with precipitant 

for a total 1:6 protein to precipitant ratio; however, the precipitant is added in 12 separate 

steps. Protein (50 µL of 40 mg/mL) was placed on the bottom of an Eppendorf 1.5 mL 

reaction vessel (tube). Precipitant (0.2 M calcium acetate, 0.1 M HEPES pH 7.5, 

10 %(w/v) PEG 8000 or 16%(w/v) PEG 4000, 100 mM Tris-HCl pH 8.5, 200 mM 

sodium acetate) based on (Y. Kim et al., 2021) was added 25 µL at a time with rapid 

mixing with 15 seconds in between each step. The crystallization solution was incubated 

at 4 °C overnight. Mixing all at once will still result in a dense crystallization pellet.  
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Batch – microcrystals 20 – 40 µm 

NendoU protein at 10 mg/mL in size exclusion buffer (defined in chapter 2) was 

diluted  to 5 mg/mL by addition of a 20 mM HEPES pH 7.5 solution. The protein was 

mixed in a 1:1 ratio with precipitant (0.2 M Calcium Acetate, 0.1 M HEPES pH 7.5, 

7.5% PEG 8000).  

Low Ionic Strength (Desalting) 

A desalting column was equilibrated with 20 mM HEPES, pH 7.5, 20 mM NaCl, 

and 20 mM MnCl2 on an AKTA FPLC. The NendoU protein in size exclusion buffer was 

loaded onto the column, desalted into the equilibration buffer, and placed on ice where it 

becomes turbid. Pipette homogenization of solution increases the turbidity. 

Vapor Diffusion Crystallization 

Precipitant (0.2 M Calcium Acetate, 0.1 M HEPES pH 7.5, 7.25 - 7.5 % 

(w/v) PEG 8000) with microcrystalline seeds is prepared by adding 5 µL of the 

supernatant of mature batch microcrystals (<20 µm) per 100 µL of precipitant. NendoU 

protein (10 mg/mL) was mixed 1:1 (2 µL + 2 µL) with the precipitant with seeds and 

crystals are grown by hanging drop vapor diffusion in 18 mm 24-well plates with 0.5 mL 

reservoir volume.  

Additional crystallization conditions were established  to grow large (100+ µm) 

crystals under  the 16% (w/v) PEG 4000, 100 mM Tris-HCl pH 8.5, 200 mM sodium 

acetate crystallization condition described in (Y. Kim et al., 2021). Co-crystallization 

with 6-azauridine was performed by incubating the protein with 50 mM of the compound 

for 30 min prior to crystallization.  

Fixed Target Crystallization 
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 The batch microcrystal (<20 µm) protocol was used with the PEG 8000 

concentration increased to 7.5 – 7.75 % (w/v). Once the crystallization solution was 

prepared (prior to incubation), 10 µL was dispensed into cyclo-olefin-copolymer (COC) 

microfluidic chips provided by the Kuhl research group from UC Davis (Gilbile et al., 

2021). 

3.4 Results 

NendoU wildtype (WT) expresses in low yields in vitro with only 1 – 3 mg of 

protein (Chapter 2). Expression of NendoU WT was optimized from the original growth 

conditions in LB Lennox media with 0.2 mM IPTG/0.1% glucose (Youngchang Kim et 

al., 2020). This expression was optimized for media type (LB Lennox, LB Miller, TB 

Miller), glucose concentration (0 – 0.1 %), and IPTG concentration (0.2 – 0.4 mM). 

Whole cell expression was analyzed by SDS-PAGE Coomassie and Western blot (Figure 

 
Figure 3.1. Optimized growth conditions for NendoU WT. Positive controls of 
purified NendoU were loaded (ng of protein in red).   
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3.1). Purified NendoU WT protein (75, 150, and 300 ng for SDS-PAGE and 7.5, 15, 30 

ng for Western blot) was used as a positive control (Figure 3.1). NendoU WT protein 

was only weakly visible in the SDS-PAGE at 41 kDa (Figure 3.1). Anti-His Western blot 

showed NendoU WT expression more clearly (Figure 3.1). Expression in LB Miller 

produced the most intense bands compared to TB and LB Lennox media (Figure 3.1). 

Within the LB Miller condition, expression performed best with the addition of glucose 

(0.1 %) and higher concentration of IPTG inducing agent (0.4 mM; Figure 3.1). The 

most optimal condition for expression was therefore identified as LB Miller media with 

0.4 mM IPTG/0.1 % glucose (Figure 3.1). 

Reducing conditions during induction were tested based on (Šiurkus & Neubauer, 

2011). In small culture volumes (100 mL), whole cell protein expression increased under 

conditions where 12 mM dithiothreitol (DTT) showed increased expression, but 50 mM 

L-glutathione (GSH) showed decreased expression levels (Figure 3.2).  

 
Figure 3.2. Whole cell expression of NendoU WT in reducing condition 
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Expression was scaled up to 1 L for a side-by-side comparisons of NendoU WT 

with and without DTT reducing conditions during induction. The wet weight of cells 

grown was 9.5 g for non-reducing and 4.3 g for reducing conditions. Protein was purified 

and the total yield for both was 1.19 mg. Size exclusion chromatography and SDS-PAGE 

Coomassie of the NendoU in reducing conditions had the same characteristics and purity 

compared to NendoU grown in standard conditions (Figure 3.3). The yield of protein 

(mg) per gram of cell pellet totaled 0.125 mg for non-reducing and 0.273 mg for the 

reducing conditions. While the reducing conditions produced more protein per gram of 

cells, the reduced amount of cell growth per liter resulted in approximately the same yield 

of protein per liter of cell culture.  

The catalytically inactive NendoU H234A mutant, which binds substrate but 

cannot cleave it, was previously described (Bhardwaj et al., 2006) and characterized for 

this study. This mutant expressed in large quantities as compared to the NendoU WT 

protein. The purification of one liter of NendoU H234A cell culture yielded between 60 

and 80 milligrams of purified protein. Comparison of expression during the size 

exclusion chromatography (SEC) showed a 25x fold increase of the maximum of the 

absorbance peak relative to the culture volume (Figure 3.4). The NendoU hexamer 

 
Figure 3.3. NendoU wildtype expression under reducing conditions 
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protein peak was between 11.5 and 12 mL on a Superdex 200 10/300 column. The 

NendoU WT protein from 4 L of cell culture (Figure 3.4, dashed line) peaked at ~800 

mAu for the hexamer. The NendoU H234A protein from one-third of a liter of cell 

culture peaked at ~2300 mAu for the hexamer (Figure 3.4, red line). The equivalent for 

1 L of culture was ~266 mAu for wildtype NendoU and ~6,900 mAu for H234A 

NendoU.  

Our first attempts in crystallization were to produce microcrystals for diffraction 

at the Linac Coherent Light Source (LCLS) for serial femtosecond crystallography (SFX) 

experiments. The first microcrystallization conditions established were by batch with 

agitation under PEG/MPD citrate conditions and by ultrafiltration of the protein in low 

salt conditions as described in Chapter 2. Subsequent microcrystallization conditions 

were established using a sodium potassium phosphate-based condition from (Y. Kim et 

al., 2021) and a calcium acetate-based condition from (Youngchang Kim et al., 2020). 

 
Figure 3.4. Size Exclusion Chromatography (SEC) comparison of NendoU H234A 
from 0.33 L cell culture (red) and wildtype NendoU from 4 L of cell culture (dashed).  
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Produced under standard (no agitation) batch conditions, crystals grew larger than batch 

with agitation to around 10 – 15 µm (Figure 3.5). SFX X-ray diffraction data was 

collected from these crystals at the Linac Coherent Light Source (LCLS), and they 

showed X-ray diffraction beyond 3 Å (Figure 3.5). 

For serial millisecond crystallography (SMX) data collection at synchrotron 

sources, the size distribution of the crystals was increased by reducing the salt in the 

protein buffer and the change of the protein: precipitant ratio to 1:1. Crystals were grown 

in the 20 – 40 µm range (Figure 3.6). Additionally, a new octahedral morphology was 

 

Figure 3.5. NendoU batch crystallization without citrate. (A) Potassium Phosphate 
crystals. (B) Calcium acetate crystals. 
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observed in crystals. For standard, single crystal, cryogenic crystallography at a 

synchrotron, large crystals were grown based on the conditions reported in (Youngchang 
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Kim et al., 2020; Y. Kim et al., 2021). Large, needle-like crystals were grown under 

conditions containing calcium, sodium acetate, and Tris pH 8.5, but with frayed edges. 

 
Figure 3.6. Large microcrystals for SMX experimentation. TOP: drop overview 
BOTTOM: zoomed in view of crystals.  
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Splitting into multiple crystals, a layered or joined, hollow areas, and cracks were 

noticeable in many of the large crystals (Figure 3.7-9). Large crystals grown with seeds 

 
Figure 3.7. Changed crystal morphology by seeding to reduce fraying and hollow 
characteristics in large crystals. 

 
Figure 3.8. NendoU apoprotein crystals compared to co-crystals with an NendoU 
inhibitor. 
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were observed to have a less frayed or layer appearance with sharper edges and a clear 

rectangular needle morphology (Figure 3.7).  

Addition of a ligand for NendoU co-crystallization also produced a notable 

change in morphology. Crystals that were originally shorter (40 – 50 µm) with frayed 

edges grew longer (400+ µm) and more needle like (Figure 3.8). Varying the 

precipitating agent resulted in more hexagonal and plates-like crystals; however, these 

often formed together from a single point and the crystals grew together (Figure 3.9). 

These large protein crystals were fragile, and the multiple crystals were weakly joined. 

During fishing of the large crystals, the multi-crystalline structures broke apart into 

smaller, individual crystals. Despite the ragged or layered appeared of the large crystals, 

these smaller single crystals that formed had sharp edges (Figure 3.10). 

 
Figure 3.9. NendoU co-crystallized with 6-Azauridine produces large crystals. Tris  



  81 

Similarly, the addition of RNA accelerated crystallization under low ionic 

strength conditions. The solution of NendoU protein (20 mM HEPES pH 7.5, 150 mM 

NaCl, 1 mM TCEP) desalted into a buffer at lower ionic strength (20 mM HEPES, pH 

7.5, 20 mM sodium chloride, 20 mM manganese chloride) turned turbid over the course 

of a half hour. With addition of RNA, protein placed under low ionic strength turned 

turbid immediately. The sample was observed to have a well-defined, dense pellet the 

following day after incubation at 4 °C. This pellet was resuspended and observed under 

the microscope as <2 µm crystals (Figure 3.11). The crystals were noted to have slight 

birefringence and similar morphology to the crystals grown under batch with agitation 

 
 Figure 3.10. NendoU co-crystallized with 6-Azauridine break apart during fishing 
into smaller crystals with sharper edges.  
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conditions. Crystals were subjected to powder diffraction at the Arizona State University 

home source; however, diffraction was not observed. Crystallization occurred at low 

protein concentrations, with the lowest concentration noted as 1.2 mg/mL but was not 

seen in the 0.6 mg/mL sample (Figure 3.11). While the 0.6 mg/mL protein sample was 

not as turbid, it was also not entirely transparent.  

 Room temperature synchrotron X-ray diffraction data was collected from large 

crystals grown in fixed target COC crystallization chips provided by Kuhl laboratory at 

UC Davis. The chips were based on the previously published generation (Gilbile et al., 

2021), and the final chip used at the beamtime was optimized for the area of diffraction. 

Large crystals (300+ µm) were grown inside the chip using batch conditions with higher 

PEG concentrations (7.5 – 7.75 %). As a control, the remaining batch experiment not 

loaded into a chip was grown at room temperature. The crystals grown in the COC chips 

 
Figure 3.11. Crystallization of NendoU at low ionic strength by desalting and 
increased density with the addition of RNA. Note: Eppendorf tubes did not look 
brown on inspection; however, the brown background affected the lighting slightly.   
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had lower density than the relative condition (Figure 3.12). Small rotation series (15 – 

20°) were collected from multiple crystals. Data collection was limited by the “shadow” 

from the rest of the chip and goniometer’s sole rotation around the X-axis. An area of 

difficulty in data collection was also that some chips did not survive transportation (not 

humidity controlled) and showed signs of desiccation. 

3.5 Discussion 

Model proteins in crystallography are needed for many experiments to generate 

X-ray diffraction data including detector calibration, prove methodology and technology, 

 
Figure 3.12. NendoU crystallization in fixed target COC crystallization chips.  



  84 

and to support education. In this study we describe the features of the crystallization of 

the catalytically inactive NendoU H234 mutant protein from SARS-CoV-2 that make it 

an ideal test subject for these three categories as it is easy to produce and crystallize 

through many different approaches and under very different conditions. 

The NendoU WT protein expression was optimized for media type and induction 

conditions from the expression by Kim and co-authors (Youngchang Kim et al., 2020) to 

improve expression (Figure 3.1). Preliminary screening of expression under  reducing 

conditions (12 mM DTT) based on (Šiurkus & Neubauer, 2011)  also showed positive 

results in whole cell expression, but showed a  decrease in the amount of cells that can be 

grown (Figure 3.2-3). Overall, the total NendoU WT produced per liter is approximately 

the same for non-reducing and reducing conditions.  

The generation of a catalytically inactive H235A NendoU mutant was described 

for SARS NendoU by (Bhardwaj et al., 2006). The SARS-CoV-2 NendoU H234A 

expressed here shows a 25-fold increase in protein expression compared to the wild-type 

to produce between 60 and 80 milligrams of protein per liter cell culture (Figure 3.3). 

For serial femtosecond crystallography (SFX) experiments performed at X-ray Free 

Electron Lasers (XFELs) and serial millisecond crystallography (SMX) experiments 

performed at synchrotrons, hundreds of milligrams or even one gram of protein can be 

required to allow for time-resolved studies and replenish the sample between the shots at 

megahertz repetition XFELs like the European XFEL.  NendoU H234A is easily 

expressed and purified in quantities for serial crystallography studies including the 

challenging cases of time resolved XFEL studies and studies at high repetition XFELs, as 

8 x 1 L of cell culture will produce roughly half a gram of protein.  
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The NendoU H234A protein can be easily crystallized and crystals across a wide 

range of sizes can be grown through a variety of different crystallization methods. 

Microcrystals of NendoU H234A grown by batch with agitation and ultrafiltration have 

been shown in Chapter 2 and showed diffraction between 2.5 – 4.5 Å (Chapter 2). 

Additional microcrystals of xxx have been grown by sequential  batch methods in two 

new conditions designed based on  precipitants established for growth of large crystals 

(Youngchang Kim et al., 2020; Y. Kim et al., 2021). The microcrystals appear quickly 

and mature over the course of 12 – 24 hours. These crystals have been demonstrated to 

feature <3 Å diffraction at LCLS, supporting the use of NendoU in SFX experiments 

(Figure 3.5). These conditions were developed based on the need for a condition that 

diffracts to higher quality than the crystals grown by ultrafiltration. Additionally, the 

sodium citrate used in the batch with agitation condition (Chapter 2) occupies the 

catalytic site, which is nonoptimal for time-resolved SFX studies where substrate/ligand 

has to bind in the binding site. These two new microcrystallization conditions where 

crystals grow by the sequential batch method grow high quantity of homogenous 

microcrystals without citrate for future time-resolved studies. 

While SFX experiments have many advantages, the use of X-ray Free Electron 

Lasers is highly competitive and restrictive as there are only five large hard X-ray XFELs 

operational worldwide. Synchrotrons are a more available light source for users and with 

newer microfocus beamlines, enable diffraction of smaller crystals and also beamlines 

have been developed for serial millisecond crystallography (SMX). Modification of the 

protein concentration and protein to precipitant ratio results in slightly larger crystals, 

designed to be more optimal for SMX diffraction (Figure 3.6). This development 
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supports the development of SMX at more accessible synchrotron light sources for 

increased access to serial crystallography data collection and better preparation for SFX 

experiments.  

Large crystals are easily obtained by vapor diffusion experiments. In the 

publication of the first SARS-CoV-2 structure of NendoU, it was noted that the process 

from expression (with conditions established previously over a 4 year time course) to 

structure deposition took four days (Youngchang Kim et al., 2020). Large crystals also 

grow quickly in under 12 hours; however, crystal morphology can be a challenge. 

NendoU crystals frequently grow in a needle morphology where the needle splits into 

multiple crystals, appears layered, or is hollow at the ends, indicative of long range 

disorder by too fast crystal growth. We found in our data from crystals grown under 

conditions including the PDB: 6VWW calcium acetate condition and PDB: 6X1B 

sodium/potassium phosphate conditions that many crystals were twinned with an 

estimated twin fraction from the L/H-test to be 0.215 and 0.37, respectively. However, 

not all structures deposited using these conditions were twinned, indicating that the 

individual crystal chosen may play a role. Large crystal morphology can be improved 

using seeding (Figure 3.7) and ligand binding (Figure 3.8-9).  Seeding results in a more 

uniform crystal morphology with sharper, rectangular needles, but the crystals are 

narrower in the dimension of the long needle axis. Ligand binding increases the size of 

the crystals. Large thin crystals frequently broke into smaller, more rectangular crystals 

with sharper edges during harvesting. This is a useful note for working specifically with 

NendoU crystals to address this concern, should it arise.  
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Another application of this information lays in the education of future biochemists 

and crystallographers. As NendoU can be produced in large quantities, students can set 

up their own experiments using different techniques (batch, batch with agitation, vapor 

diffusion, seeding, and more) to learn the methods and experience how these methods 

explore different path through the phase diagram to create different types and sizes of 

crystals. The large crystals are easy targets to practice fishing and also practice 

attempting to break them into smaller, well-defined crystals (Figure 3.9-10). 

Similar to ligand binding, addition of an RNA substrate (with either the inactive 

H234 mutant protein or  the active WT protein) produced changes in crystal morphology 

and density. Microcrystals of NendoU (sub two microns) were observed when lowering 

the ionic strength  of the protein buffer. The addition of RNA improved crystal density, 

presumably by helping to stabilize the catalytic site conformation. The turbidity of the  

solution increased upon  addition of RNA, whereas the  solution of the NendoU protein 

without RNA addition took longer (~ half hour) to reach the same turbidity level. While 

the nano/microcrystal  diffraction limit can only be tested at an XFEL light source due to 

their small size, the concentration (1.2 mg/mL) needed to create a dense crystal pellet for 

0.5 mL is noteworthy (Figure 3.11).  

Many experiments relating to the field of structural biology focus on important 

aspects other than determining a protein structure. A good example is technology 

development of new sample delivery devices, like the next generation fixed target COC 

crystallization chips (Kuhl Laboratory) (Gilbile et al., 2021). NendoU protein was shown 

to be successfully crystallized and diffracted at room temperature in next generation COC 

Chips (Figure 3.12). Additionally, experiments focusing on other factors, such as 
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commissioning of new light sources, require sample to support the commissioning 

experiments. NendoU has a strong biological case for study, but the inactive H234A 

mutant is also easy to work with because it can be produced in large quantities, 

crystallizes readily under different conditions, methods, and sizes, and has not shown 

sensitivities to changes in environmental factors such as temperature and transportation. 

For students learning crystallography, NendoU H234 provides a good sample protein as it 

can be used to demonstrate a variety of different techniques where one can produce 

noticeable changes in size and morphology in respect to the phase diagram. Overall 

NendoU H234A may be the focus of COVID-19 research, but it could hold additional 

uses within the field of crystallography.    
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CHAPTER 4 

HIDING COVID: PRELIMINARY FINDINGS ON OMICRON BA.2 NENDOU AND 

POTENTIAL THEREPUTIC, VALLEY FEVER DRUG, NIKKOMYCINZ 

Text and figures in this chapter are printed with permission from co-authors: Dhenu 

Logeswaran, Nirupa Nagaratnam, Manashi Sonowal, Eranjalee Ranaweera, Sabine 

Botha, Thomas Grant, Gihan Ketawala, Michelle Sheikh, Megan Shelby, Mimi Cho 

Yung, Matt Coleman, Emily K. Kaschner, Matthew R. Goode, Michele Zacks, Debra T. 

Hansen, Raimund Fromme, Matthias Frank, Julian Chen and Petra Fromme. 

4.1 Abstract 

The uridine-specific endoribonuclease, NendoU, from SARS-CoV-2 enables the 

evasion of the innate immune system by degrading a pathogen associated molecular 

pattern (PAMP) for RNA virus infection. While the NendoU protein is high conserved, in 

the Omicron subvariant BA.2 the  so called, “stealth variant,” NendoU contains a lineage 

defining mutation, T112I. In structural characterization of this mutation, we observe that 

the change from a polar threonine to a hydrophobic isoleucine is positioned in the 

hypothesized groove for RNA binding and creates favorable binding conditions. As 

NendoU  hides the virus from the immune system, inhibitors become a more important 

role in anti-COVID therapeutics. Most antivirals target the virus’ ability to replicate, 

either by targeting entry into the host cell or viral machinery for genomic processing. 

NendoU inhibitors could provide a complementary path where the virus cannot hide as 

effectively, and the host immune system is activated, which would lead to less severe 

COVID cases. Using structure determination by crystallography and molecular dynamics, 

we also propose the uridine analogs 6-Azauridine (approved anti-cancer therapeutic) and 
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NikkomycinZ (antifungal therapeutic) as potential inhibitors. NikkomycinZ has been 

demonstrated as a well-tolerated and effective therapeutic against valley fever, a fungal 

disease endemic to the US Southwest and northern Mexico. Lack of funding has limited 

continued development during phase II clinical trials. In molecular dynamic simulations, 

NikkomycinZ can dock to the NendoU active site in the uridine position, blocking the 

dual histidine mechanism of RNA cleavage. We propose NikkomycinZ as a potential 

antiviral therapeutic that, if further developed, could also lead to multiple avenues in the 

treatment for other orphan diseases like valley fever.  

4.2 Introduction 

Where most non-structural proteins for SARS-CoV-2 enable the virus to replicate 

and promote transcription of  its genome, Nsp15 helps the virus to stay hidden from the 

innate immune system (X. Deng et al., 2017). Also known as the uridine specific 

endoribonuclease, NendoU, the protein degrades the poly-uridine leader sequence of the 

viral anti-sense RNA (Hackbart et al., 2020). The poly-U sequences form intermediate 

structures with poly-A sequence with double-stranded RNA (dsRNA), which is 

recognized by the innate immune system as a pathogen associated molecular pattern 

(PAMP) for RNA viruses. Proteins like MDA5 and RIG-I recognize these dsRNA 

segments and  initiate the signal cascade for the human  immune response including 

macrophages, natural killer (NK) cells, and type I interferon response (Brisse & Ly, 

2019; Chow et al., 2018). However, because NendoU degrades part of this PAMP, the 

innate immune response is significantly impaired.  

This makes NendoU a target for rational drug design for COVID therapeutics but 

does rely on the same approach as other antiviral therapies. Most antiviral therapies focus 
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on  blocking  the  entry of the virus into the host cell or inhibit the  

replication/transcription of genetic material (Frediansyah et al., 2021). In both cases, the 

virus is  prevented from replicating. Alternatively, an NendoU inhibitor would keep 

dsRNA intact and allow for strong  larger host immune system response so that the viral 

infection is efficiently stopped by the human immune system (Xufang Deng & Baker, 

2018). The goal of NendoU-targeted therapeutics would be to provide complementary 

treatment – while other antivirals prevent the virus from continuing to replicate, NendoU 

inhibitors would allow for the host immune system response to detect and eliminate the 

virus. Prophylactic use is an additional explored avenue for NendoU-targeted therapies. If 

a person is exposed to COVID-19, taking a NendoU inhibitor would interrupt the 

mechanism for immune system evasion and allow a coronavirus infection to be 

recognized by the host immune system (and responded to) much sooner than if left 

untreated, thereby preventing spread from infected but not yet symptomatic individuals 

and lowering the number of cases of severe forms of COVID-19 as the immune system 

may eliminate the virus before it causes severe lung infection and inflammation.  

In this paper we propose and explore NikkomycinZ as a potential inhibitor of 

NendoU and its potential as a COVID-19 therapeutic. NikkomycinZ (NikZ) is a proposed 

antifungal compound that has notably shown efficacy in mice and dogs in the treatment 

of coccidioidomycosis, or valley fever (Larwood, 2020; Sass et al., 2021; Shubitz et al., 

2013). Two primary fungal strains cause valley fever, Coccidioides immitis and 

Coccidioides posadasii, and infections occur primarily in the Southwestern United States 

when fungal spores in the soil are inhaled. While the majority of valley fever cases 

resolve independently of treatment, in disseminated cases of valley fever, the disease 
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spreads to other parts of the body. This can result in draining lesions, osteomyelitis 

(infection of the bone, Figure S4.6.2), and neurological symptoms than can be life 

threatening (Graupmann-Kuzma et al., 2008; Shubitz, 2007). Cases of disseminated 

coccidiomycosis (DCM) account for <1% of human cases, but 25% of canine cases, 

which also present in higher rates (Davidson et al., 2019). The estimated lifetime cost of 

Valley Fever as of 2019 was $736 million and there are growing concerns of the affected 

demographic spreading with climate change (Matlock et al., 2019; Wilson et al., 2019). 

The azole class of drugs are primarily used to treat infection; however, they only prevent 

fungal replication and can have serious (sometimes black box) side effects. Conversely, 

NikkomycinZ is well tolerated and has been shown to kill fungal infection in murine 

models (Sass et al., 2021; Shubitz et al., 2014). NikkomycinZ entered phase II clinical 

trials; however, it was discontinued due to lack of funding. The NikZ compound is a 

uridine-based nucleoside-peptide that inhibits chitin synthesis, needed to form the fungal 

cell wall. As a uridine analog, NikZ was selected for our study as a proposed SARS-

CoV-2 NendoU inhibitor.  

COVID therapeutics are important for the long-term perspective of the fight 

against the disease. COVID will become endemic and thereby is here to stay and may re-

appear in  a seasonal pattern. While vaccinations may help prevent serious disease and 

even infection, treatments will still be needed for those infected. Variants of COVID-19 

are also an important factor as accrued mutations can change factors such as 

transmissibility and severity along with the effectiveness of vaccination. NendoU is a 

highly conserved protein in the Coronaviridae family, but has a lineage defining 

mutation, T112I, in the Omicron subvariant BA.2, nicknamed the “stealth variant,” for its 
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difficulty to be detected in PCR-test kits.  In this paper, we explore the T112I NendoU 

Omicron BA.2 variant and use of NikkomycinZ as a potential anti-NendoU COVID-19 

therapeutic. 

4.3 Methods 

Expression of Nsp15 mutant T112I 

Nsp15 T112I mutant constructs were transformed into Escherichia coli BL21-

Gold (DE3) strain (Agilent cat. 230132). A starter culture was prepared using LB Miller 

with 50 µg/mL carbenicillin, inoculated with a single colony, and grown overnight at 

37 °C with 200 RPM shaking. A 1 L cell culture was grown in LB Media containing 

50 µg/mL carbenicillin at 37 °C with the addition of 1 % starter culture. Expression of the 

T112I mutant NendoU  was induced  as follows: The cell culture was grown to a cell 

density of  an OD600 between 0.9 and 1.0, subsequently expression was induced by  

addition of  0.4 M IPTG and 1% glucose and the temperature was reduced to 18 °C (see 

Chapter 3 for more details). Cells were harvested after 18 h by centrifugation at 5000xg 

for 15 minutes. Cells were stored at -80 °C until use. 

Protein Purification 

Cells were resuspended in 10% w/v lysis buffer (50 mM HEPES, pH 8.0, 500 

mM NaCl, 20 mM imidazole) and lysed by sonication (2 s on/2 s off for 2 minutes, 5 

cycles with 2 minutes rest on ice between). The cell lysate was isolated by centrifugation 

at 45,000 xg for 30 min at 4 °C to remove unbroken cells and the membrane fractions. 

The supernatant was filtered with a 0.2 µm syringe filters. Immobilized metal affinity 

chromatography was performed using Ni-NTA (5 mL) HP His-Trap columns from GE on 

an AKTA FPLC. Filtered lysate was loaded onto the column, washed with 20 CV of lysis 
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buffer and 20 CV of wash buffer (50 mM HEPES, pH 8.0, 500 mM NaCl, 50 mM 

imidazole), and eluted with 2 CV of elution buffer (50 mM HEPES, pH 8.0, 500 mM 

NaCl, 500 mM imidazole). The eluted protein was concentrated by with Amicon™ 

30 kDa spin concentrators. Size exclusion chromatography was performed with a 

Superdex 200 10/300 increase column  on an AKTA FPLC in 20 mM HEPES, pH 7.5, 75 

mM NaCl, 1 mM TCEP. The primary peak at 11.8 mL was collected and concentrated to 

5 mg/mL using the 30 kDa spin concentrators and stored  at  -80°C.  

Endoribonuclease Inhibition Assay  

NendoU (wildtype) protein was incubated with NikkomycinZ for 1 h at 30 °C. A 

NIR800 labeled 21 nt RNA substrate was then incubated with the protein and the reaction 

was quenched by the addition of loading dye at 5 min, 15 min, 30 min, 1 h, 3 h, and 

overnight timepoints. The overall reaction contained 12 nM protein, 2 mM NikZ, 20 mM 

manganese chloride, and 0.1 µM RNA substrate in assay buffer containing 50 mM Tris-

HCl, pH 7.5, 50 mM KCl, 1 mM DTT. A control sample was prepared in parallel using 

no NikkomycinZ along with two input RNA samples, one with loading dye added after 

all samples were set up and one incubated at 30 °C overnight.  Samples containing RNA 

were kept in dark conditions using aluminum foil to avoid degradation of the far infrared 

fluorescent label. Results were analyzed by 10% Urea-PAGE and run for 1 hr at 150 V/8 

mA. The gel was imaged with the Typhoon imager scanning at 783 nm lasing option.    

Crystallization  

The NendoU T112I protein was prepared at 5 mg/mL protein concentration in 

20 mM HEPES, pH 7.5, 75 mM NaCl, 1 mM TCEP. Vapor diffusion hanging drop 

experiments were prepared for crystallization. Protein was mixed rapidly at room 
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temperature in a 1:1 ratio with the precipitant: 0.1 M HEPES, pH 7.5, 0.2 M calcium 

acetate, 7.5% PEG 8000. The crystallization cocktail was incubated at room temperature 

for 1 day. Once crystals 2 – 30 µm appeared, settled crystals were resuspend and mixed 

1:20 with the precipitant to create a seed stock. The experiment was then repeated using 

the seed stock in place of the precipitant and crystals were grown for one day at room 

temperature. Crystals harvested were cryoprotected by placing them into a drop of the 

precipitant containing 30% glycerol prior to freezing in liquid nitrogen.   

Data Collection 

Data collection was performed at the Advanced Photon Source (APS) in Chicago, 

IL, at beamlines 23 ID-D and 23 ID-B. X-ray diffraction data were collected at a 

wavelength of 1.03 Å, with 0.2 seconds exposure/image  and 20% attenuation. The 

detector was placed at 400 mm from the sample/X-ray interaction point and 900  

diffraction images  were collected under cryogenic cooling. The crystals were  rotated 

between 30 and 120 degrees with 0.1-degree rotation/image. 

Data Analysis 

Data analysis was performed through the JBluIce automated data analysis pipeline 

(McPhillips et al., 2002). The Dimple pipeline in CCP4 (Winn et al., 2011) was used to 

solve and refine the structure with PDB: 6VWW as a reference for molecular 

replacement. Figures were made in PyMOL (DeLano, 2002) and COOT  (Emsley et al., 

2010).  
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4.4 Results 

The T112I mutation in NendoU was listed in the Stanford University Coronavirus 

Antiviral and Resistance Database (https://covdb.stanford.edu/page/mutation-viewer/) as 

lineage defining for the Omicron subvariant BA.2. The position of the T112 residue in 

NendoU and highlighted in blue on the NendoU hexamer, showing it is a surface exposed 

mutation in the middle domain (Figure 4.1). The position of the T112 residue is in the 

groove for RNA binding, demonstrated in the recently released NendoU/RNA complex 

(PDB:7TJ2) on March 23, 2022 (Figure 4.1) (Frazier et al., 2022). The RNA binding 

grove was hypothesized originally in 2006 (Bhardwaj et al., 2006) and stretches across 

 
Figure 4.1. NendoU hexamer with 52 nt DNA bound (PDB: 7TJ2) with the T112 
residue highlighted in blue and active site highlighted in green. 

https://covdb.stanford.edu/page/mutation-viewer/
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the two dimers. The RNA bound to an active site in the top dimer stretches across the 

groove and interacts with the middle domain of NendoU on the lower dimer (Figure 4.1).  

 

LigPlot+ 2.2 (Laskowski & Swindells, 2011) was used to analyze the interactions 

of residues 110 to 115 in the NendoU/RNA complex released on the PDB. The 

catalytically inactive construct, NendoU H234A, was used and the threonine 112 residue 

identified for the point mutation in Omicron BA.2 corresponds with the threonine 113 in 

the construct. The threonine 113 was shown to from a 3.23 Å hydrogen bond between its 

hydroxyl group and the 3’ hydroxyl of the guanine ribose (Figure 4.2).  

 
Figure 4.2. LigPlot+ of the NendoU/RNA complex (PDB 7TJ2) of residues 110 – 115 
of NendoU. Threonine 113 of this construct corresponds to the T112 of the wildtype 
construct.  
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The T112I NendoU mutant was expressed in E. coli and purified based on the 

developed protocol for wildtype expression (Chapter 3). Purification of NendoU T112I 

indicated higher yields than the NendoU wildtype protein. The A280 absorption peak for 

NendoU T112I in the size exclusion chromatogram (SEC) for the hexamer neared ~1100 

mAu and a broadening of the SEC peak was observed (Figure 4.3 Right). The activity of 

NendoU was confirmed using the negative controls H234A inactive NendoU for no 

protein cleavage and RNA input only for no degradation (Figure 4.3 Left) in an 

endoribonuclease activity assay.  

The T112I mutant was crystalized by vapor diffusion hanging drop. X-ray 

diffraction data was collected at the Advanced Photon Source in Chicago, IL. The 

structure was solved to 2.4 Å with Rwork/Rfree values of 0.1986 and 0.2347, respectively, 

by molecular replacement with PDB: entry 6VWW and refinement in the Dimple 

pipeline (Winn et al., 2011) (Figure 4.4). The NendoU monomer is show in blue with the 

active site highlighted in red and the T112I mutation in the middle domain in yellow 

 
Figure 4.3. Activity RNA cleavage essay and purification of the T112I mutant. LEFT 
activity assay for NendoU T112I compared to the catalytically inactive H234A and 
input RNA. RIGHT Chromatogram for the SEC purification of NendoU T112I from 
2 L of cell culture.  
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(Figure 4.4) (DeLano, 2002). The electron density of isoleucine 112 is shown in Figure 

4.5. 

Figure 4.5. Electron density of the T112I mutation (yellow) in NendoU. 

 
Figure 4.4. Crystal structure of T112I NendoU monomer (Blue). The active site is 
highlighted in red and the T112I mutation is highlighted in yellow.  
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Molecular dynamic (MD) simulations were used to explore NikkomycinZ as a 

potential inhibitor for NendoU. NikZ was modeled into the NendoU active site by 

AutoDock Vina (Trott & Olson, 2010) and a conformation similar to uridine binding was 

selected at less than -6 kcal/mol (Figure 4.6). The ligand was able to dock to NendoU in 

the active site between the two primary active site histidine residues (H235 and H250), 

which are the basis for the hypothesized mechanism (Y. Kim et al., 2021). In a 

subsequent activity assay, 3 mM NikkomycinZ was incubated with NendoU wildtype 

protein for one hour at 30 °C prior to RNA incubation. Near infrared (NIR) labeled RNA 

substrate was incubated with wildtype and wildtype with inhibitor protein and samples of 

the reaction were stopped over the course of three hours. Differences between the control 

and the inhibitor were observed starting at the thirty-minute time point. A cleavage 

product of NendoU (indicated by the yellow arrows in Figure 4.7) was visible in the 

sample without NikZ, but not in the NikZ/NendoU condition (Figure 4.7). Additionally, 

 
Figure 4.6. Molecular dynamics docking of NikkomycinZ in the NendoU catalytic 
site by AutoDock Vina (Trott & Olson, 2010) in Chimera (Pettersen et al., 2004).  
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the NendoU with inhibitor condition cleavage products showed less intensity (indicated 

by the green arrows) than the wildtype cleavage alone (Figure 4.7).  

4.5 Discussion 

The position of the T112I mutation in NendoU from the Omicron BA.2 

subvariant was identified as exposed to the surface and in the middle domain of NendoU. 

The change from an uncharged, polar threonine to a hydrophobic isoleucine is 

hypothesized to be favorable for substrate coordination due to the hydrophobic nature of 

RNA. The position of the T112I mutation is located in a groove, predicted for RNA 

binding first by Bhardwaj in Figure 9E and later by Perry in Figure 2CD and Figure 3D 

 
Figure 4.7. Inhibition of NendoU wildtype activity and specificity by NikkomycinZ. 
The green arrow highlights the reduced activity in the inhibitor condition. The yellow 
arrow indicated highlights a cleavage product that is seen in the uninhibited condition.  
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(Bhardwaj et al., 2006; Perry et al., 2021). The RNA binding grove was later confirmed 

in the NendoU/52 nt RNA complex solved by cryoEM (Frazier et al., 2022).  

The purified T112I NendoU is shown to be catalytically active and expressed in 

larger quantities than the wildtype. The higher expression levels are advantageous to the 

study of catalytically active NendoU in time-resolved studies which were previously WT 

sample was limited. While the activity has not been studied in comparison to the 

wildtype, it has been previously hypothesized that there is a relationship between 

expression level and activity as some hyperactive mutants have shown less expression 

and protein yield while the inactive mutant H234 showed very strong expression and high 

protein yields of up to 80 mg purified NendoU per liter cell culture (Chapter 3). We 

were able to produce … mg /liter cell culture of the T112I mutant of NendoU.  However, 

because the T112I mutation is hypothesized to affect specificity, this may be beneficial 

for expression as it may reduce non-specific cleavage of the host mRNAs and eventually 

also its own mRNA, as indicated by the low expression yields in the in vitro expression 

systems described in Chapter 2.  Information regarding the T112I mutation is currently 

very limited as it is a recent development as part of the Omicron subvariant BA.2 and is 

only acknowledged as being present with no documented research conducted on this 

mutant as of March 2022 (Abbas et al., 2022), so our studies are to our knowledge the 

first studies on this mutant. 

 The NendoU T112I protein structure was solved to 2.4 Å based on X-ray 

diffraction data sets collected at the Advanced Photon Source in Chicago, Illinois (Figure 

4.4). This is the first structure of this NendoU mutant and shows the position and altered 

electron density as a result in the change of a threonine to an isoleucine at residue 112. 
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This apo structure is specifically important for future binding studies to show ligand 

binding, but will be also a great target for future structural studies of NendoU in complex 

with RNA. It will be especially exciting to discover how this mutation affects RNA 

docking compared to the wildtype from the Wuhan SARS-Cov-2 strain.  

 NendoU plays an important role in the coronavirus family including the SARS-

CoV-2 virus. Monitoring mutations in NendoU for activity could be a useful tool in 

monitoring larger effects on disease outcomes as NendoU is responsible for hiding 

coronaviral infection from the host immune system. If NendoU is more effective at 

hiding the virus, this could contribute to factors such as asymptomatic or pre-

symptomatic transmission as the virus continues replicating without the infected patients 

knowing that they are sick. Cases of severe disease can occur as the result of the virus 

replicating out of control without the host immune system responding until it’s too late. 

Overreaction of the immune system in the form of massive inflammation once the virus 

has been detected late is the main cause of death of COVID patients.  NendoU activity 

and hyperactivity may play a role in this aspect of disease and therefore would be an 

important target for therapeutics. Just as the viral machinery uses the host to produce 

more viruses, an NendoU inhibitor would help the immune system to early on detect the 

viral infection by SARS-CoV-2 do what it does best – clear the infection.  

NikkomycinZ was hypothesized to inhibit the NendoU protein activity as NikZ is 

a uridine-analog. NikkomycinZ is an antifungal therapeutic that inhibits chitin synthase 

that catalyzes an essential step in the formation of fungal cell walls. Studies of NikZ for 

the treatment of fungal disease coccidioidomycosis (Valley fever), which is endemic to 

the Southwestern United States, show that it is well tolerated in high doses. The 
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substantial previous research makes NikZ a good novel drug target as it has already 

progressed to phase II clinical trials and shows excellent response. So the development is 

currently not continued only because of lack of funding for a niche disease. As a well-

tolerated drug, this also fits the goal of NendoU as a prophylactic drug target. NendoU 

impacts the innate immune system’s ability to respond, so inhibition early in infection 

may help (i.e., if taken after exposure) to reduce the duration and severity of illness.   

Docking of NikkomycinZ to NendoU was performed in Chimera with Autodock 

Vina (Figure 4.6). This demonstrated that the uridine-like component of NikkomycinZ 

can align with the uridine-specific active site of NendoU. It’s hypothesized positions in 

the NendoU binding site also interferes with the H235 and H250 active site residues, 

which are the main catalytic side chains of the hypothesized mechanism and critical for 

NendoU activity (Y. Kim et al., 2021). Activity of NendoU incubated with NikZ showed 

reduced activity and reduction in the number of total cleavage products after a half hour 

as compared to the active NendoU protein (Figure 4.7), so it could be also  a very good 

initial start for  further optimization of the drug binding inhibition of the activity of 

NendoU. The results of NikkomycinZ as an inhibitor and role of mutations in NendoU 

are still emerging; however, it is clear that both are important aspects of COVID research 

going into the future of monitoring emerging variants and treating the disease. 
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2.6 Supplementary Information 

2.6.1 Supplemental Figures 
 

 
Supplementary figure 4.1: LEFT: Chromatogram from Nickle Immobilized Metal 
Affinity Chromatography of the T112I NendoU mutation RIGTH SDS-PAGE stained 
with Coomassie blue.  



  106 

 

 

Supplementary Figure 4.2. Osteomyelitis in a case of disseminated coccidiomycosis 
(canine). Image provided by Dr. Erin Greenwood from Queen Creek Emergency 
Veterinary clinic.  
 

  



  107 

CHAPTER 5 

SYNCHROTRON AND ROOM TEMPERATURE SERIAL FEMTOSECOND 

STUDIES OF TASPASE1: STRATAGEMS FOR ANISOTROPY CORRECTION 

Sections of text and figures in this chapter were reprinted with permission from Rebecca 

Jernigan, Nirupa Nagaratnam, Gihan Ketawala, Jay-How Yang, Silvia L. Delker, 

Thomas E. Edwards, Janey Snider, Darren Thifault, Dewight Williams, Brent L. 

Nannenga, Mary Stofega, Lidia Sambucetti, James J. Hsieh, Andrew J. Flint, Petra 

Fromme, and Jose M. Martin-Garcia 

5.1 Abstract 

Taspase1 (threonine aspartase 1) is an endopeptidase that is overexpressed in 

primary human cancers. It has been identified as a potentially potent anticancer drug 

target because loss of Taspase1 activity disrupts proliferation of human cancer cells in 

vitro and in mouse tumor xenograft models of glioblastoma. It functions as a non-

oncogene addiction protease that coordinates cancer cell proliferation and apoptosis. 

Based on its promise as a novel anti-cancer therapeutic target, Taspase1 was accepted 

into the NCI Experimental Therapeutics (NExT) Chemical Biology Consortium (CBC) 

drug discovery and development pipeline. Several promising Taspase1 inhibitors have 

already been identified in high throughput screens. A high-resolution structure of the 

enzymatically active full-length Taspase1, and Taspase1 in complex with substrate and 

inhibitors, would greatly enable optimization (through rational design) of 

pharmacologically potent Taspase1 inhibitors. Taspase1 is a highly conserved 50 kDa 

proenzyme. The biologically active form of Taspase1 is a hetero-tetramer that displays an 

overall αββα structure. Crystallographic structures of a truncated version of Taspase1 
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have been determined as apo enzyme and in complex with covalent inhibitors; however, 

this truncated form of the enzyme is catalytically inactive. The full-length protein 

contains an additional sequence that was originally anticipated to be disordered. Until 

recently, no structure of active, full-length Taspase1 nor complexes of the catalytically 

active enzyme with inhibitors existed. Recently, first crystals of the full-length Taspase1 

have been grown and data collected at the Advanced Photon Source (Chicago, IL). These 

crystals diffracted to ~ 3.5 Å but show a strong diffraction anisotropy. A crystal structure 

of the full length Taspase1 has been solved by our team and shows that the protein forms 

a double ring structure, where the previously missing amino acids from an alpha helix 

that is located close to the catalytic site that connects the two rings. Taspase1 micro-

crystals have been recently obtained and first SFX experiments were conducted at the 

PAL XFEL in S. Korea. Improved crystals will be screened at LCLS during PCS 

beamtime P114 for serial femtosecond crystallography (SFX) where we aim to determine 

the first high-resolution structure of the full length apo-protein and complexes with 

inhibitors of the enzyme. These structures should greatly benefit the structure-guided 

medicinal chemistry development of Taspase1 inhibitors as anti-cancer therapeutics. 

5.2 Introduction 

Study of proteases are important for understanding their roles, which are diverse 

and important for regular functioning of the body including tissue remodeling, 

metabolism, and migration. In the context of cancer, apoptosis and cell proliferation are 

important, normal functions but they have to be tightly regulated to avoid premature 

aging or cancer. The problem of cancer frequently involves the mis-regulation of genes 

involved in these pathways.  Failure for unhealthy cells to stop growing, or for the cells to 
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continually proliferate can lead to tumor growth. Enzymes can be implicated in these 

tight regulations and  misregulations  as the result of changes in expression of key 

proteins like Taspase 1 that are themselves no oncogenes but their expression fosters 

cancer proliferation (Rakash et al., 2012; Y. Yang et al., 2009).  

Taspase1 (threonine aspartase 1) is an anti-cancer therapeutic drug target that is 

overexpressed in many primary human cancers, including glioblastoma, breast cancer, 

infant leukemias, and colon cancer (Wünsch et al., 2016). Taspase1 is considered a non-

oncogene addiction protease for its indirect regulations of genes associate with cancer 

(Chen et al., 2010). Taspase1 activates target proteins such as mixed linage leukemia 1 

protein (MLL1), mix lineage leukemia 2 protein (MLL2), TFIIA, and AKF (Niizuma et 

al., 2015). Activation of MM1 can then induce oncogenic initiation and cell proliferation 

(Hsieh et al., 2003; H. Liu et al., 2008). The role of Taspase1 also extends to regulating 

cell-cycle genes and the expression of HOX genes, further emphasizing the role of 

Taspase1 in cancer (Hsieh et al., 2003; Takeda et al., 2006).  

 The activation of these proteins is performed by the nucleophilic T234 residue to 

the aspartate at the cleavage site of the target IXQL(V)D//G motif. This is trans-activity; 

however, Taspase1 may also perform a cis-cleavage during spontaneous self-cleavage 

(Hsieh et al., 2003). The self-cleavage behavior is characteristic of the N-terminal 

nucleophile (Ntn) hydrolase superfamily. Within the family, Taspase1 is in the type 2 

asparaginase subfamily. These enzymes are expressed as proenzymes that are 

catalytically inactive. It isn’t until the N-terminal peptide bond is hydrolyzed that the 

enzyme becomes catalytically active (Oinonen & Rouvinen, 2000). 
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Taspase1 is a 50 kDa, 420 amino acid protein that consists of an α subunit 

(28 kDa, N-terminal) and a β subunit (22 kDa, C-terminal). They assemble into a αββα 

structure (Guo et al., 1998; Oinonen & Rouvinen, 2000). In pursuit of structure-based 

rational drug design, Taspase1 has proven to be a challenging target, likely due to the 

conformation of the full-length protein. Original structures of Taspase1 include the 

proenzyme and two-chain truncated form of Taspase1 (J. A. Khan et al., 2005). While it 

was previously proposed that the  truncated residues 207 – 233, which are critical for the 

activity of Taspase 1, are flexible and disordered, we have recently shown that they form  

a long flexible helix as part of a larger flexible region between residues 183 – 233 

(Nagaratnam et al., 2021). The first structure of catalytically active human Taspase1 

(containing the previously truncated residues) is described here in a short summary below 

as a partial reprint with permission as a co-first author of the study (Nagaratnam et al., 

2021).  

To achieve this structure, a circularly permutated construct of Taspase1 

(cpTaspase1α41-233/β) was designed to switch the α and β subunits using a GSGS linker to 

successfully express the complete protein. Truncations of the protein in the flexible 

domain (Supplementary Figure 5.1) were also created to probe the effect of this domain 

on of the catalytic function, given the proximity to the active site (Figure 5.1). The 

activity of the expressed proteins was tested using a FRET-based assay (Supplementary 

Figure 5.2). The wildtype (WT) Taspase1 and substrate only were used as controls. The 

cpTaspase1α41-233/β containing the complete flexible domain showed little to no change in 

activity. Truncation of residues 207 – 233 significantly reduced activity and complete 

truncation of residues 183 – 233 eliminated all activity (Figure 5.2). The major finding is 
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that the flexible domain is essential for catalytic activity and study of the mechanism for 

rational drug development. 

The structure of catalytically active Taspase1 (cpTaspase1α41-233/β) was solved by 

X-ray diffraction to 3.04, 3.04, 5.4 Å in the A, B, and c direction (Supplementary 

Figure 5.3). Crystals of Taspase1 were difficult to obtain, with only one condition 

creating quality, large crystals for synchrotron diffraction. The structure was solved by 

molecular 
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Figure 5.1 Sequence and domain organization of circularly permuted constructs. A) 
Comparison of the sequence of the circularly permuted construct, cpTaspase1Rα41-233/βR 
(right), with the sequence of the WT Taspase1 (left). The catalytic site nucleophile 
Thr234 is highlighted by the yellow star. The α and β subunits are colored in magenta 
and blue, respectively. In the circularly permuted construct, α and β subunits are 
swapped and linked through a GSGS linker (green). The GSGS residues replace the 
SPVN residues in the WT Taspase1 (green, boxed). The residues comprising the long 
C-terminal helix fragment are underlined. The first 40 residues of the α subunit were 
deleted except for the N-terminal initiating methionine. The two extra LE residues and 
the His (H) tag residues at the C-terminus (highlighted in red) are for cloning and for 
affinity purification purposes, respectively. B) Schematic representation of Taspase1 
constructs. Amino acid positions in all constructs are numbered according to the wild 
type Taspase1 (WT Taspase1). The α and β subunits are highlighted in magenta and 
blue, respectively. Taspase1Rα1-206/βR construct (PDB 2A8J) (J. A. Khan et al., 2005) 
shows the two subunits are co-expressed with the missing fragment highlighted by the 
dashed lines. The three circularly permuted constructs (cp-Taspase1Rα41-183/βR, cp-
Taspase1Rα41-206/βR, cp-Taspase1Rα41-233/βR) used in our study are shown: both subunits are 
swapped and linked through a GSGS tetrapeptide (green). These circularly permuted 
constructs differ from each other only in the length of the α subunit sequence.  
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replacement and underwent anisotropy correction as described in Nagaratnam 2021 [ref]. 

The structure was refined to values of Rwork  23.7% and Rfree 30.7%. Despite the severe 

anisotropy (Supplementary Figure  5.6.4), the 2mF-DF electron density maps of the 

long helical fragment became already visible during the early stages of data analysis and 

show high levels of structural details after anisotropy correction (Supplementary Figure 

5.6.5). The structure of the Taspase1 is shown in Figure 5.3. The structure of Taspase1 in 

combination with the activity assays highlight new considerations for drug development 

 
Figure 5.2 Activity assays of the circularly permuted constructs (cpTaspase1Rα41-233/βR 
(red), cpTaspase1Rα41-206/βR (blue), and cpTaspase1Rα41-183/βR (green)), and the WT 
Taspase1 (purple). Reaction progress curves of the proteolytic cleavage of the labeled 
peptidic substrate MCA-Lys-Ile-Ser-Gln-Leu-Asp↓Gly-Val-Asp-Asp-Lys-(DNP)-NHR2R 
by various Taspase1 proteins. The experiment with the substrate alone (control) is 
represented in black. Error bars have been included. 
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for Tapsase1 as an anti-cancer therapeutic target. The flexible region was identified to a 

be a long helix and important for catalytic activity. This region provides an opportunity 

for inhibition by drug targeting that is alternative to the catalytic site. 

To continue structural studies of Taspase1 to explore the mechanism and ligand 

binding, the anisotropy in the Taspase1 crystals must be addressed. Anisotropy in 

 
Figure 5.3 Subunit interfaces that maintain the single-ring assembly of cpTaspase1α41-

233/β in the crystals. A) Schematic view of the single-ring structure. B) Top view of the 
surface representation of the cpTaspase1α41-233/β of the single-ring structure. C) Side 
view of the surface representation of the cpTaspase1α41-233/β of the double-ring 
structure. D) Interfaces at the single-ring structure. The interfaces are colored as 
follows: cyan for the dimer interface, green for the intra-ring interface, and red for the 
histidine interface. The cpTaspase1α41-233/β dimers are represented with the same color 
as in Figure 3 and the dimers generated by symmetry are shown in a grey and black. 
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macromolecular crystallography has been frequently addressed by several methodologies 

(DeLucas et al., 1989; Van Driessche et al., 2008). First, optimization of the 

crystallization conditions that may lead to new morphologies, different space groups, or 

crystals that just have higher quality diffraction may be applied. Barring the improvement 

of the crystals individually, mutations in the protein altering aspects such as crystal 

contacts may lead to new crystallization conditions. Finally, anisotropic data correction 

methods have been established that optimize hit finding parameters for improved 

structures. Here we describe the continued studies and approaches for resolving 

anisotropy in Taspase1.  

5.3 Methods 

Mutagenesis for Stable Crystal Contacts 

 Robetta (protein structure prediction service through CAMEO) was used to identify 

key interacting residues between Taspase1 monomers in the alpha helix. Additional 

molecular dynamic simulations were performed with the program to analyze the identified 

key residues in the crystal contacts (Layton et al., 2020). Subsequent bioinformatic analysis 

was performed by aligning the Taspase1 proteins across species to eliminate mutations in 

conserved residues. Conserved residues were not altered in order to avoid altering protein 

function. 

Protein Expression and Purification 

Protein expression and purification was performed as described in (Nagaratnam et 

al., 2021). As this is continuing work, there are currently no changes to the protocols 

established by our team. Constructs for the mutants were ordered though GenScript and 

were expressed and purified through the same methods.  
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Microcrystallization- Taspase1 

Microcrystals of Taspase1 were grown on-site at the PAL XFEL using the free 

interface diffusion method (FID). Concentrated protein (30 mg/mL) was added to the 

crystallization buffer (0.1 M sodium citrate, pH 4.0, 1.4 M ammonium sulfate, 15% 

MPD, 0.4 M sodium chloride) in a 1:3 protein to precipitant ratio. Microcrystals appeared 

after incubating the mixture for approximately 16 h at 20 °C. The crystals pellet was 

resuspended at 12 h and allowed to settle for 4h to increase crystal density and pellet 

volume. 

Microcrystallization- D360T 

Microcrystallization was performed with the D360T mutant using the same 

methods as the standard Taspase1 microcrystals and large Taspase1 D360T crystals were 

grown with slight alterations. For the PAL beamtime, microcrystals of the full length 

Taspase1, and its mutants, with and without the presence of inhibitors were grown on-site 

at the laboratories at the PAL XFEL using the free interface diffusion method (FID). The 

following full length Taspase1 proteins were used: Taspase1, D360T, S371D, and S371E. 

Additional conditions were set up by incubating each Taspase1 protein with one of three 

native peptides—NSC 805003, NSC 805004, NSC 805006— or with one of two peptide 

inhibitors—7238, 7240—for 2 h. Crystallization included two different conditions with 

variations on pH  (4 – 8) and protein to precipitant ratio. In the pH 4.0 condition, 0.1 M 

sodium citrate pH 4.0, 1.4 M ammonium sulfate, 15% MPD, 0.4 M sodium chloride, was 

used as the precipitant, the protein concentration was 25 mg/mL, and a protein to 

precipitant ratio of 1:3 was used. In the pH 7.0 condition, 0.1 M HEPES, pH 7.0, 2.1 M 

ammonium sulfate, 15% MPD, 0.4 M sodium chloride was used as the precipitant, the 



  117 

protein concentration was 25 mg/mL, and a protein to precipitant ratio of 1:2 was used.  

Crystallization experiments for Taspase1, S371E, and S371D were set up at pH 4.0 and 

crystallization experiments for each  of the mutants D360T, S371E, and S371D were set 

up at pH 7.0. A volume of 100 µL of concentrated protein was placed at the bottom of a 

1.5 mL Eppendorf tube. Then a total volume of either 300 µL for a 1:3 protein to precipitant 

ratio or 200 µL for a 1:2 protein to precipitant ratio was added drop wise in steps of 100 

µL with buffer vortexing between each step.  

Microcrystals appeared after incubating the mixture for approximately 16 h at 20 

°C. The crystal pellet was resuspended at 12 h and allowed to settle for 4 h to increase 

crystal density and pellet volume. A homogenous sample containing crystals up to 10-20 

µm in size was obtained and used for SFX experiments on days one, two, and three of our 

PAL XFEL beamtime.  Microcrystal size, homogeneity and density were further increased 

in a second round of FID experiments with seeds. Seeds approximately 10-20 µm in size 

were obtained from the first FID experiments in the crystal pellet. Then, 10 – 20 µm seeds 

were used to feed the precipitant solution prior to the FID experiment. A highly dense 

crystal pellet containing crystals up to 50 and 75 µm in size was obtained and used for SFX 

experiments on days two and three of our beamtime.    

SFX Experiments at LCLS 

Microcrystals (Taspase1 standard) were grown on site to 15-20 µm in size with 

the addition of 10% PEG 400 to the crystallization buffer. Samples were delivered by 

double flow-focusing nozzle (DFFN) with an inner sheath of ethanol and outer jet of 

Helium gas in vacuum. Experiments were performed in the back chamber of CXI with a 
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pulse length of 40 fs, repetition rate of 120 Hz, photon energy of 9.5 keV, transmission of 

6%.  

LCP Mixing of Sample 

Microcrystals were subsequently reconstituted into lipidic cubic phase (LCP) by 

using the conventional LCP setup for SFX experiments [reference] with modifications. 

Briefly, molten monoolein (MAG 9,9) was firstly mixed with precipitant solution prior to 

adding microcrystals to form an LCP phase to host microcrystals. The microcrystal slurry 

was then added and gently mixed with the LCP  phase to form a more liquid-ish phase 

also called the  sponge phase. This phase  was brought to the lipidic cubic phase (or LCP) 

by adding more lipid in subsequent steps. Monoolein MAG 7,9 was also added to prevent 

lamellar phase formation during the experiment at CXI in vacuum. The mixing process 

was carried out at 20°C at all times. 

SFX Experiments at PAL 

Samples were delivered by LCP injection with a flow rate of … nL/min. Serial fs 

crystallography diffraction data were collected at a pulse length of 20 fs, repetition rate of 

30 Hz, photon energy of 9.7 keV, with 2x1011 photons/pulse with 100% transmission. X-

ray diffraction images were recorded with a Rayonix MX225-hs detector.  

Data Analysis 

Data analysis was performed on the cpTaspase1α41-233/β crystals for data collected 

at PAL XFEL with sample delivery in LCP. Hit finding and pre-processing of the data to 

identify potential diffraction patterns for indexing was performed by Cheetah (Anton 

Barty et al., 2014). The images were then further processed with CrystFEL (White, 2019; 

White et al., 2012; White et al., 2016). Auto indexing was performed with the following 
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programs: MOSFLM, XDS, DIRAX, TAKETWO, and XGANDALF. Montecarlo 

integration was performed in the CrystFEL suite (White, 2019; White et al., 2012; White 

et al., 2016). The structure was solved by molecular replacement with Phenix.phaser and 

refinement was done in Phenix.refine (Afonine et al., 2012; Liebschner et al., 2019). 

5.4 Results  

Molecular dynamics studies were performed on the long, flexible alpha helix 

(residues 332 – 381) of Taspase1 to identify residues that, if mutated, could improve the 

stability of the crystal contacts and decrease anisotropy. Ten residues were identified 

(listed with the numbering scheme of   the circular permutated Taspase1 construct) to 

form interactions in crystal contacts: 201, 202, 350, 353, 357, 360, 361, 364, 371, and 

376 (Supplementary Table 5.6.3). Sequence analysis of Taspase1 across 41 difference 

 
Figure 5.4. Sequence of Taspase1 (native and circular permutated construct) with the 
alpha helical region highlighted. The arrows indicate  the position of identified 
residues that form crystal contacts. Green arrows indicate conserved residues and red 
arrows indicate non-conserved residues. (difficult to see the difference between green 
and red arrow can you remove the black border around the arrows which will allow 
for easier discrimination, also for publication we would need to choose a different 
color scheme as colorblind people cannot discriminate between red and green) 
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species was performed (Supplementary Figure 5.6) to identify non-conserved residues 

for mutation, leaving D360 and D371 as possible candidates for mutation (Figure 5.4).  

Seven mutants were designed: D360T, D360Y, D360F, S371I, S371D, 

D360T/S271D, and D360Y/S371D. Of the five single mutants, the S371E and D360T 

expressed in the greatest quantities (Figure 5.5). Mutation of the D360T residue enabled 

new crystal morphologies under physiological pH values of 6.6, 7.0, and 7.5 (Figure 

5.6); We collected X-ray diffraction data on these crystals at 3.0 Å however, anisotropy 

in was still observed in the X-ray diffraction data. 

Serial fs crystallography data of crystals of the wildtype (WT) Taspase1 

mircocrystals collected at LCLS during a protein crystallization screening beamtime in 

the back chamber of CXI (Figure 5.7). Microcrystals were used to minimize potential 

crystal imperfections leading to the poor diffraction of the large crystals. Sample was 

 
Figure 5.5. Expression of Taspase1 mutants as compared to the wildtype 
(cpTaspase1α41-233/β) 
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delivered with the doble flow-focusing nozzle (DFFN) in vacuum conditions. Crystals 

were screened for optimal conditions and size distribution. Diffraction fraction was 

observed to ~4 Å and indexed in the H32 space group (Figure 5.7). 

Subsequent SFX experiments were performed at PAL-XFEL in S. Korea. The 

sample delivery method was changed to viscous injection in LCP due to difficulties in 

jetting the crystals in a liquid jet in the crystallization buffer as upon evaporation in the 

He atmosphere salt crystals of ammonium sulfate formed on the nozzle tip. We 

implemented an automated “nozzle-washing” procedure where every minute the outside 

of the nozzle was flushed with water during data collection. The experiments were 

conducted in an enclosure of the beamline extra built by the beamline scientists for our 

experiments to allow for sample delivery at 20°C, as the crystals were very temperature 

sensitive dissolved at 25°C, which is the temperature of the experimental CXI PAL-

XFEL crystallography endstation (Figure 5.8). However, very few “hits” were detected 

in the liquid jet, and we could not increase the crystal density due to clogging. We 

therefore decided to test a new approach where crystals were embedded in LCP. The 

 
Figure 5.6. Crystallization of Taspase1 D360T under physiological conditions (pH 
6.6, 7.0, and 7.5). 
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crystals had a 5–10 µm size distribution (Figure 5.8C) and were grown on site in the 

PAL XFEL Labs with monodispersed Taspase1 crystal seeds (<1 µm) (Figure 5.8B). 

 

 
Figure 5.7. LCLS Taspase 1 microcrystals serial crystallography diffraction 
experiment: Pulse length 40 fs, repetition rate 120 Hz, photon energy 9.5 keV, 
transmission 6%. A) Micro-crystals (15-20 µm) of the active full-length Taspase1 
protein grown onsite at 4°C using a combination of free interface diffusion (FID) 
(Kupitz et al., 2014) and batch with seeds. The crystallization precipitant solution was 
0.1 M sodium citrate pH 4.0, 0.4 M NaCl, 1.4 M Ammonium SO4, 10% MPD, 10% 
PEG 400. Protein concentration was 20 mg/mL and protein to precipitant ratio 1:3. B) 
Diagram of the SFX experiment conducted  at LCLS. A double flow-focusing nozzle 
(DFFN) was used to deliver the crystals in their crystallization buffer (inner green 
stream) into the sheath jet formed by ethanol (middle blue stream) through a 50 μm ID 
capillary. The sheath liquid was accelerated by Helium gas (outer blank channels). C) 
and D) Non-indexed and indexed diffraction patterns, respectively, of a single micro-
crystal of the active full-length Taspase1. Bragg spots were seen to ~ 4Å. E) Unit cell 
size distribution plot of 771 indexed patterns into the H32 space group. 
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 After embedding Taspase crystals in LCP, diffraction data were collected using 

the viscous injector developed by the Weierstall group at ASU (Nogly et al., 2016; 

Weierstall, 2014). Taspase1 diffraction was still anisotropic. The structure was solved to 

4.5 Å with R-work and R-free values of 0.3513 and 0.3633, respectively (Figure 5.9) 

(Table S5.6.4).  

Protein Crystal Growth in Microgravity  

Large Taspase1 and Taspase1 D360T crystals were grown under low (pH 4.0) and 

physiological pH conditions as part of the protein crystal growth 18 (PCG-18) mission 

for growing crystals in microgravity. Conditions for large crystals were set in 96-well 

 
Figure 5.8. PAL-XFEL with details on the SFX experiments conducted at the 
microcrystallography CXI endstation. X-ray diffraction data were collected with the 
following X-ray parameters: Pulse length 20 fs, repetition rate 30 Hz, photon energy 
9.7 keV, 2x1011 photons/pulse, transmission 100%, X-ray diffraction images  were 
recorded with a Rayonix MX225-hs detector. A) PAL-XFEL facility. B) DLS 
experiment of Taspase1 crystal seeds (<1µm). C) Micro-crystals (5-10 µm) of 
Taspase1 grown onsite at 20°C using FID method with seeds (Kupitz et al., 2014) in 
0.1 M sodium citrate pH 4.0, 0.4 M NaCl, 1.4 M AmSO4, 15% MPD. Protein 
concentration 30 mg/mL and protein to precipitant ratio 1:3. D) Sample chamber at 
PAL-XFEL NCI beamline. E) ASU LCP injector holder assemble view (inside the 
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plates and vacuumed sealed in bags at the Space Life Science Lab (SLSL) at Kennedy 

Space Center (KSC) in Merritt Island, Florida. Plates were delivered to the International 

Space Station (ISS) National Laboratory via Commercial Resupply services mission 17 

(CRS-17) seven days prior to set up. Plates were returned after 30 days and crystals were 

observed and diffracted at the Advanced Photon Source (APS) in Chicago, IL. Some 

crystals had a larger morphology; however, anisotropic diffraction was still observed.   

 
Figure 5.9. Room temperature structure of Taspase1. (A) Anti-settling device for 
crystals. (B) Diffraction pattern of Taspsae1 at PAL-XFEL. (C-D) 2Fo-Fc maps of 
room temperature Taspase1 at 1σ level. (C) Active site threonine (blue) of Taspase1 
with neighboring  flexible loop (green). (D) View of flexible loop. 
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5.5 Discussion 

Taspase 1 is an important novel cancer target as loss of Taspase1 activity has been 

demonstrated to disrupt proliferation of human cancer cells in vitro and in mouse tumor 

xenograft models of glioblastoma. By functioning as a non-oncogene addiction protease, 

Taspase1 regulates key proteins and genes for cancer cell proliferation, invasion, and 

more[refs]. Inhibition of Taspase1 by an inhibitory drug may provide a mechanism for an 

anti-Taspase1, anti-cancer therapeutic, for which there are no known competitors in the 

drug development arena. The importance for the flexible domain in catalytic activity and 

corresponding structure was established in earlier studies (Nagaratnam, 2021). However, 

the anisotropy seen in diffraction current limits continuing drug development studies. 

Methods for resolving this challenge for future studies were explored here in more detail.  

Mutagenesis of Taspase1 was performed along the flexible alpha helix. The goal 

of these mutations was  to enhance  crystallization contacts and change residues that 

weaken crystal contact such as changing a negatively charged residue to a polar, 

uncharged residue as seen in D360T. Residues were identified based on the crystal 

contacts and narrowed down to non-conserved residues to maintain the native function of 

the Taspase1 protease. Mutations of these residues were also based on molecular 

dynamic simulations from our collaborator Abhishek Singharoy  (Layton et al., 2020). 

Five mutants containing single point mutations were expressed and purified: D360T, 

D360Y, D360F, S371E, and S371D. Crystallization of the mutants were explored for 

each protein. Only the D360T protein produced large, single crystals for diffraction. The 

pH of the D360T during crystallization could also be increased from a maximum of pH 4 

for the wildtype to pH 7.5 for D360T for near physiological conditions. While new 

https://en.wikipedia.org/wiki/Oncogene
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crystallization conditions were established, diffraction of the mutants at a synchrotron 

light source still showed severe anisotropy similar the standard Taspase1 protein.  

Microcrystals of Taspase1 were explored to see if smaller crystals were more 

well-ordered due to decreased long range disorder, which is often observed in large 

crystals.  The first microcrystals of Taspase1 WT were tested for their diffraction by SFX 

at a PCS beamtime at LCLS with the DDFN injector [ref] in vacuum. With the crystals 

further optimized, the experiment advanced to PAL-XFEL for two beamtimes of three 

shifts each. Microcrystals were also produced using the D360T and S371E mutants, 

including co-crystallization of the mutants with inhibitors. However, without the vacuum 

conditions, the sample had difficulty jetting compared to the LCLS beamtime, which was 

performed in vacuum. The sample injection was then switched to high viscosity LCP 

injection. The crystals could be resuspended carefully in a “sponge phase,” but were 

prone to dissolving due to temperature increases during embedding of the crystals into 

the LCP with a syringe coupler. In both injection methods, buffer component MDP (an 

alcohol) caused problems. In jetting the crystals in the mouther liquor, it was 

hypothesized that the gas layer and low humidity in the chamber was altering the MPD 

concentration of the buffer which may have led to the dissolving of the crystals. Phase 

separation was also observed in the sample and may have dissolved the crystals during 

the mixing of LCP in addition to prior observation of temperature sensitivity. Crystals 

could be successfully resuspended in LCP during the first PAL beamtime, where a very 

slow mixing and embedding procedure was used by Dr. Martin-Garcia for embedding 

and data was collected. However, he could not join the second beamtime in person and 

even with his remote participation, we could not accomplish the LCP embedding on site 
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at PALXFEL, without destroying the crystals. When we are comparing the exact times 

for each step after the beamtime, we realized that the key might be extremely slow 

mixing of the crystals with the LCP as this step took 45 minutes in his procedure, while 

we performed mixing in 15 minutes. 

The collected data was still noted to be anisotropic and a could not be corrected 

for with the anisotropy servers due to compatibility of the software. This issue has since 

been resolved and data evaluation is currently underway to explore if the use of serial 

femtosecond crystallography improved diffraction quality.  

In continued efforts to resolve the anisotropic diffraction of Taspase1 crystals, 

Taspase1 crystallization plates were sent to the International Space Station (ISS) as a part 

of the Commercial Resupply Service (CRS-17) launch with SpaceX. Protein crystal 

growth under the microgravity conditions of the ISS allow for multiple advantages. First, 

crystals do not settle to the bottom of the experiment, which can restrict crystal growth on 

the contacting surface. Additionally, the reduced kinetics of crystal growth under 

microgravity can allow crystals to growth with fewer defects than protein crystals grown 

on Earth (DeLucas et al., 1989). The crystallization plates were prepared at Kennedy 

Space Center (KSC) two days prior to launch at 4 °C. The temperature was selected to 

slow protein crystal growth to appear in one week versus in two days at room 

temperature. This was an important consideration as the payload specialists need two 

days to transfer the experiments between completion and launch. However, the launch 

was delayed over a week due to power grid issues aboard the ISS and permit issues for 

recovery of a booster rocket on the drone ship, “Of Course I Still Love You.” The launch 

delay is hypothesized to allow for initial crystal growth under Earth’s gravity.     
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5.6 Supplemental Information 

5.6.1 Supplementary Figures 
 

 
Supplementary Figure 5.1. Prediction of intrinsically disordered regions (IDRs) of 
Taspase1. A) Disorder predictions in three discrete regions of Taspase1 (N-terminal (cyan), 
middle (green) and C-terminal (red)) by PONDR-FIT(Xue et al., 2010), 
MetaDisorder(Kozlowski & Bujnicki, 2012), MobiDB(Piovesan et al., 2018), 
MoRFpred(Disfani et al., 2012), and SPOT-Disorder2(Hanson et al., 2018). Short 
disordered regions are represented in solid black. The location of the long helix fragment 
of Taspase1 is delimited by the black dotted line. B) Disorder disposition of each residue 
in Taspase1 sequence predicted by PONDR-FIT (blue), MetaDisorder (green) and 
MoRFpred (dark orange). Residues with disorder probability higher than 0.5 (black dotted 
line) are predicted to be disordered. C) Comparison of the composition of each amino acid 
in the long helix (coral orange) with full-length Taspase1 (blue). Disorder-promoting 
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residues are red, order-promoting residues are blue and disorder-order neutral residues are 
green. 
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Supplementary Figure 5.2. Schematic picture of the 12 point dose response assay for 
Taspase1 full length split (FL split) enzymatic activity tests. The  assay was performed 
using a quenched FRET based assay that measures proteolysis of a labeled Taspase1 
substrate by purified Taspase1 FL split enzyme prepared and purified by Beryllium. The 
substrate consisted of the peptide substrate derived from the second Taspase1 cleavage 
site (KISQLD↓GVDD) of the endogenous Taspase1 substrate MLL, flanked by a 5 FAM 
fluorophore and a QXL520 quencher. Proteolysis of the peptide substrate releases the 
quencher from the fluorophore and generates a fluorescence signal. The fluorescence 
signal was read on an EnVision multi-label plate reader using a FITC filter set. 
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Supplementary Figure 5.3. Resolution limits and B factor of the structure, showing 
anisotropy in the C direction. 
  

The recommended resolution limits along/near to a*, 
b*, c* are 

3.1 Å     3.1 Å      5.4 Å 
These are the resolution limits at which the F/sigma drops 

below an arbitrary 3.0 value 
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Supplementary Figure 5.4 Sample diffraction pattern showing anisotropy of Taspase1 
diffraction. 
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Supplementary Figure 5.5 Electron density maps (countered to 1σ) of the long helical 
fragment (residues Arg377-Asp415) before and after anisotropic correction. Anisotropy 
analysis was done using the diffraction anisotropy server at STARANISO available 
online  
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Supplementary Figure 5.6 Sequence alignment of Taspase1 across 41 different species. 
 



  141 

 
Supplementary Figure 5.7. Expression of mutants in whole cell contents induced versus 
uninduced.     
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Supplementary Figure 5.8 Purification of the single point mutations of Taspase1.  
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Supplementary Figure 5.9. Crystallization of Taspase1 D360T at pH 6.6. 
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Supplementary Figure 5.10. Crystallization of Taspase1 D360T at pH 7.0. 
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Supplementary Figure 5.11. Crystallization of Taspase1 D360T at pH 7.5.  
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Supporting Tables 5.6.2 

Supporting Tables 

Supporting Table 5.1. Crystallographic data collection and refinemen    
 

 

 cp-Taspase1Rα41-233/β
 cp-Taspase1Rα41-

183/β 
Data collection statistics   

Radiation source APS 23-ID-D APS 21-ID-F 
Wavelength (Å) 1.04 0.98 

Detector PILATUS3 6M RAYONIX 
MX300HE 

Temperature (K) 100 100 
Space group H32 P6R5 
Unit cell dimensions   
a/c (Å) 196.00/196.91 60.30/319.01 

Resolution range (Å) 3.04-49.05 (3.04-3.11) 2.15-40.41 (2.15-
2.20) 

I/δ(I) 17.0 (1.9) 15.24 (3.74) 
Multiplicity 19.6 (20.4) 5.8 (5.8) 
Completeness (%)  99.8 (99.4) 99.8 (85.8) 
CCR1/2R (%) 100 (91.1) 99.8 (85.8) 
RRmerge R(%) 6.8 (187.5) 7.8 (52.0) 
Total number reflections 343,892 206,406 
No. of unique reflections 17,964 35,513 

Ellipsoidal truncation   

Ellipsoidala resolution (Å) 
(direction)b 

2.9 (0.894a* – 0.447b*) 
2.9 (b*) 
4.8 (c*) 

N/A 

Best/Worst diffraction limits after 
cut-off (Å) 3.04 / 5.3 N/A 

I/δ(I) (ellipsoidala)c 21.2 (1.5) N/A 
Completeness (%) (sphericala)c,d 54.4 (13.7) N/A 
Completeness (%) (ellipsoidala)c,d 93.9 (65.5) N/A 
Total no. of reflections 
(ellipsoidala)c 299,919 N/A 

No. of unique reflections 

(ellipsoidala)c 
15,315 N/A 

Data refinement statistics for 

truncated data 
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Number of reflections used in 
refinement 13,749  35,417 

Number of free reflections used in 
refinement 1,568 1,709 

RRwork R/ RRfreeR (%) 23.7 / 30.7 15.9 / 19.7 
Wilson B-factor (Å2) 152.0 43.5 
Solvent content (%) / Matthews 
coefficient (Å3/DaltonR) 70 / 4.3 48 / 2.4 

No. of atoms   
     Protein 10,510 4,368 
     Water and others (ligands or 
ions) 0 189 

Overall B factor (Å2) 165.0 43.48 
RMS deviations from ideal values   
     Bonds lengths (Å) 0.007 0.007 
     Bond angles (°) 1.744 0.827 
Ramachandran plot statistics (%)   
     Favored 85 96.55 
     Allowed 12 2.80 
     Outliers 3 0 
Molprobity score / percentile 3.5 / 38th  1.55 / 99th  
     PDB 6VIN 6UGK 
aThese statistics are for data that were truncated by STARANISO to remove poorly measured reflections affected by 
anisotropy.  
bThe resolution limits for three directions in reciprocal space are indicated here. To accomplish this, STARANISO 
computed an ellipsoid postfitted by least squares to the cutoff surface, removing points where the fit was poor. Note that 
the cutoff surface is unlikely to be perfectly ellipsoidal, so this is only an estimate.  
cValues in parentheses are for the highest-resolution shell. Note that data collection and refinement statistics have 
different highest-resolution shells. dThe anisotropic completeness was obtained by least squares fitting an ellipsoid to 
the reciprocal lattice points at the cutoff surface defined by a local mean I/σI threshold of 1.2, rejecting outliers in the fit 
due to spurious deviations (including any cusp), and calculating the fraction of observed data lying inside the ellipsoid 
so defined. Note that the cutoff surface is unlikely to be perfectly ellipsoidal, so this is only an estimate. 
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Supporting Table 5.2. Interfaces in Cp-Taspase1Rα41-233/βR calculated by PDBePISA 
(Krissinel & Henrick, 2007) 
 

Interfac
e # 

Name of 
Interfac

e 

Interface 
residues 

componen
t 1 

Interface 
residues 

componen
t 2 

BSA* 
(Å2) 

Hydroge
n 

bonds 

Salt 
bridge

s 

ΔG 
Kcal/mo

l 
CSS# 

1 Dimer  60 59 2039.
1 21 7 -23.8 1.00

0 

2 
Inter-
single 
ring 

42 43 1355.
1 13 2 

-9.5 1.00
0 

3 Helix 19 19 648.2 2 0 -6.6 0.06
9 

4 
Intra-
double 
ring 

16 16 535.7 0 0 
-9.7 0.00

0 

5 Linker  8 8 168.0 0 2 -1.7 0.02
6 

6 
Histidine 

1 1 36.1 0 2 0.1 0.00
6 

7 1 1 33.6 0 2 0.1 0.00
6 

*Buried surface area (BSA). 
#Complex formation significance score (CSS). 
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Supporting Table 5.3. Interacting residues identified by Robetta as potential areas for 
mutation. Non-conserved residues identified by sequence analysis are indicated in bold.  
 
 

Interacting residues of the Taspase1 flexible 
loop as identified by Robetta 

Amino acid position in 
Taspase1 native 

sequence (as shown 
in sequence 
alignment) 

 

Amino acid position in 
Taspase1 circular 

permutated sequence 
(as shown in crystal 

structure) 
 

H 53 H 201 

S 54 S202 

K 202 K350 

L 205 L353 

V 209 V 357 

D 212 D 360 

F 213 F 361 

L 216 L364 

S 223 S 371 

D 228 D 376 
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Supporting Table 5.4. Data statistics of the room temperature structure of Taspase1 by 
SFX. 
 

Data Analysis 

Resolution Range (Å) 30 – 4.50 

Total reflections 27,497,959 
(609,072) 

Unique reflections 16,565 (535) 

Redundancy 1660 (1138) 

SNR (I/σ) 1.70 (1.11) 

CC1/2 0.9525 (0.3027) 

CC* 0.9877 (0.6817) 

Rsplit 
44.57% 

(112.06%) 

Rwork 0.3513 (0.3765) 

Rfree 0.3633 (0.3864) 

RMS* (Bonds) Å 0.004 

RMS (angles) deg 0.825 

Mean B factor Factor 28.7 
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CHAPTER 6 

CONCLUSIONS AND OUTLOOK 

Direct observation of substrate docking to the NendoU protein from the SARS-CoV-2 

virus is a step towards understanding the biological mechanism and advancing rational 

drug design for COVID therapeutics. The focus of the National Science Foundation 

RAPID grant for COVID-19 research was time-resolved studies of the NendoU 

mechanism. The goal was to use mix-and-inject technologies to diffuse RNA (5 and 21 

nucleotide) substrate into catalytically active NendoU microcrystals in order to observe 

the mechanism at different time points. The combination of these time points in 

chronological order would build a “molecular movie.” A molecular movie would 

function as a guide to understanding substrate docking, cleavage, and release. By having 

a dynamic understanding of NendoU in action, rational drug design can be more effective 

and identify more points than with static structures alone. Lastly, understanding the 

biology of this unique enzyme would be scientifically relevant as there are few known 

homologs.  

The methods developing mix-and-inject experiments to perform time resolved 

crystallography were successful; however, in addition to advances the team has also 

worked to overcome specific challenges. First, microcrystallization conditions were 

developed with catalytically active NendoU, which maintained its activity in crystalline 

form. However, at the first beamtime, it was discovered that the citrate from the buffering 

component also occupied the active site. While it was not enough to inhibit the protein, it 

was not favorable for observing high RNA occupancy in the crystals. Multiple 

crystallization conditions have since been identified without the use of citrate. Overall, 
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mixing systems, crystals, and RNA substrates have all been identified to move forward 

with time-resolved experiments.  

A challenge limiting the study, that is currently being addressed, is the formation of 

the RNA/protein complex structure. While the conditions for mix and inject studies have 

been met, demonstration of an RNA protein complex structure is an important step in 

understanding substrate binding and feasibility of time-resolved studies. Recently, the 

first structure of NendoU in complex was released in the PDB (March 23rd, 2022) with a 

supporting manuscript in pre-print publication (Frazier et al., 2022). With this structure, 

hopefully the bottleneck of NendoU-Substrate complexes will be undone and help 

advance structural studies of NendoU with its substrate. Previously the closest anyone 

has come to this has been 2 double nucleotide structures, that have been named pre- and 

post-cleavage structure (M. N. Frazier et al., 2021). In addition, hypothesized 

intermediate structures have been proposed based on crystallography results (Y. Kim et 

al., 2021). Even if cryo-trapped structures of RNA-NendoU complexes have recently 

been determined, no reports on time resolved studies have been published to date.  

 Currently we propose two approaches to the challenges of time resolved studies. 

One potential explanation for why RNA is so difficult to form a complex structure is the 

salt concentration. RNA processing proteins can be sensitive to salt, and salt can even 

inhibit activity [ref]. While the concentration of salt isn't high enough to inhibit the 

activity of NendoU, the disassociation constant maybe too high to observe stable binding 

of the RNA, instead a short-lived transient complex may form during catalysis. This is 

consistent with why some density for RNA is observed in cryoEM studies which are 

performed in the proteins’ size exclusion buffer, as compared to crystallography which is 
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in most cases performed at much higher salt concentrations. The current goal is to 

establish conditions for cryoEM and crystallography in low salt conditions to test this 

hypothesis. Some of these crystallization methods have been described in Chapter 3, and 

currently are in the process of data collection and analysis.  

Additionally, preliminary cryoEM results show conformational changes in the protein 

upon RNA binding but could not resolve yet the RNA binding to NendoU.  One potential 

reason for this is the low occupancy of RNA in the binding sites; however, this may also 

be an intrinsic feature of the protein to bind one trimer of the hexamer at a time (Chapter 

2). In the case that only one trimer  is bound to RNA at a given time in our Cryo-EM and 

X-ray structure, it is possible that in combination with low occupancy, the RNA is being 

averaged out in data analysis. Another solution to the RNA occupancy issue may also be 

lowering the salt concentration of the buffer. When the salt concentration in the buffer 

was reduced to 20 mM HEPES, pH 7.5, 20 mM sodium chloride, 20 mM manganese 

chloride, negative staining of the sample with RNA featured very large structural 

changes. Currently these experiments are being scaled up to cryoEM. Overall, by 

controlling ionic strength we hope to impact what we can see with RNA binding to 

NendoU.  

While the complex structure of NendoU is being explored at low salt conditions, 

another strategy for time resolved studies is using a substrate that is known to bind to 

NendoU and result in a conformational change. The substrates 5’ uridine monophosphate 

(5’UMP) and 3’ uridine monophosphate (3’ UMP) have been shown in complex with 

NendoU in crystal structures. For preliminary time-resolved studies, we propose to use 

these substrates to show substrate binding and conformational changes upon binding to 
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NendoU. These experiments would be a practical intermediate to the initially proposed 

time-resolved studies because they yield new information that meet our goals for 

studying the mechanism of NendoU and would also provide important information for 

future time-resolved studies with larger RNAs. Additionally, by performing these studies 

with the 5’UMP and 3’UMP substrates, higher concentrations can be diffused into the 

crystals as the substrate is easier and cheaper to obtain. Millimolar concentrations of large 

RNA (5 to 21 nt) cost thousands of dollars whereas the single nucleotide substrate costs 

hundreds of dollars per gram. These experiments have been designed and proposed to run 

at the European Synchrotron Radiation Facility (ESRF) new beamline ID29 dedicated to 

serial macromolecular crystallography during commissioning beamtime and subsequent 

user beamtime during the Summer and Fall of 2022.  

The development of novel techniques for time-resolved cryo-EM culminating into 

future studies to conduct TR cryoEM experiments of NendoU have also been proposed in 

the NSF COVID grant, Using the mix-and-inject technology developed for time resolved 

crystallography experiments at X-ray free electron lasers in combination with pico-drop 

needle picoliter droplet deposition, the sample could be frozen on pre-cooled cryo-EM 

grids at specific timepoints for time-resolved studies. This could make the best of both 

techniques – combining  the commissioned time-resolved components of crystallography 

with the low salt and high-resolution structures of cryoEM. 

Over the past two years of the pandemic, an unprecedented level of research has been 

done on the subject of coronaviruses. The scientific community has taken the incredible 

advancements of sciences accumulated over the past century to apply them to this 

situation. As a result, the discoveries and technologies developed with exponential speed. 



  156 

One factor for this included expedited efforts outside of the experimentation itself: grants, 

proposals, publication, and more. While not every scientific issue or disease can have the 

full force of the scientific community behind it or be moved to the front of the line, it 

does highlight that  lengthy role of administrative processes that have to be followed to 

make scientific discoveries can be significantly shortened. What might have taken years 

alone in applying (and receiving funding), getting experimental time at facilities, 

undergoing review, would take week to months with RAPID access systems in place for 

COVID-related research.. This is especially true for larger scale developments that 

require government review and approval like the development of vaccines.  

This rapid access is not without drawbacks. As a result of being pushed to the front of 

the line, research for many other important issues may now wait longer before grants or 

beamtimes are awarded. Issues of scientific integrity have been brought into question 

from rapidly published COVID research that was not peer-reviewed and some studies 

were not conducted to the standards of the community or were submitted fraudulently for 

acclaim. These incidents are not unique to COVID, but the rapid nature did create a 

circumstance for more issues to arise. Ultimately, these issues are proportionally small in 

comparison to the overall success of the scientific response in understanding, preventing, 

and treating COVID-19. The advancement of mRNA vaccines and COVID therapeutics 

are two of the most notable achievements. All of it begs the question, “what if?” What 

progress could be made to address such challenges when given this level of support? To 

me, it shows the capability, strength, and importance of modern science in today’s world 

along with the outstanding potential for future research.  
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