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ABSTRACT  
   

Structural-based drug discovery is becoming the essential tool for drug development with 

lower cost and higher efficiency compared to the conventional method. Knowledge of the 

three-dimensional structure of protein targets has the potential to accelerate the process 

for screening drug candidates. X-ray crystallography has proven to be the most used and 

indispensable technology in structural-based drug discovery. The provided 

comprehensive structural information about the interaction between the disease-related 

protein target and ligand can guide the chemical modification on the ligand to improve 

potency and selectivity. X-ray crystallography has been upgraded from traditional 

synchrotron to the third generation, which enabled the surge of the structural 

determination of macromolecular. The introduction of X-ray free electron laser further 

alleviated the uncertain and time-consuming crystal size optimization process and 

extenuated the radiation damage by “diffraction before destruction”. EV-D68 2A 

protease was proved to be an important pharmaceutical target for acute flaccid myelitis. 

This thesis reports the first atomic structure of the EV-D68 2A protease and the structures 

of its two mutants, revealing it adopting N-terminal four-stranded sheets and C-terminal 

six-stranded ß-barrels structure, with a tightly bound zinc atom. These structures will 

guide the chemical modification on its inhibitor, Telaprevir. Integrin ⍺Mβ2 is an integrin 

with the α I-domain, related to many immunological functions including cell 

extravasation, phagocytosis, and immune synapse formation, so studying the molecular 

ligand-binding mechanism and activation mechanism of ⍺Mβ2 is of importance. This 

thesis uncovers the preliminary crystallization condition of ⍺Mβ2-I domain in complex 

with its ligand Pleiotrophin and the initial structural model. The structural model shows 
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consistency with the previous hypothesis that the primary binding sites are metal ion-

dependent adhesion sites on ⍺Mβ2-I domain and the thrombospondin type-1 repeat (TSR) 

domains of Pleiotrophin. Drug molecules with high potency and selectivity can be 

designed based on the reported structures of the EV-D68 2A protease and ⍺Mβ2-I domain 

in the future.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Structural based drug discovery  

In the drug discovery process, the development of novel drugs with potential interactions 

with therapeutic targets is significant (Batool et al., 2019). Traditionally, potentially lead 

was identified with experimental high-throughput screening (HTS), yet it’s time-

consuming and expensive (Cheng et al., 2012). It takes up to 14 years to discover a 

preclinical drug candidate and bring it to FDA approval (Song et al., 2009) with a typical 

approximate cost of 800 million dollars (A Lavecchia & Di Giovanni, 2013). However, 

the number of new drug approved by the FDA has been decreased because of the low 

success rate in different clinical trials (Antonio Lavecchia & Cerchia, 2016). Thus, 

developing an efficient and low-cost alternative to overcome the limitation of 

conventional drug discovery is of importance. Structural based drug design (SBDD) 

facilitates drug development with the increasing availability of a considerable number of 

target proteins with the completion of the Human Genome Project and advances in 

bioinformatics (Batool et al., 2019). Compared to the conventional drug discovery 

process, SBDD is more specific, efficient, and rapid to identify potential drug candidates 

and to optimize the best clinical molecule, because it utilizes the three-dimensional (3D) 

structural information of the target protein and molecular level knowledge of the related 

disease (Lionta et al., 2014) (Figure 1.1). There are four stages in SBDD: discovery, 

development, clinical trials, and registry (Batool et al., 2019).  
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Figure 1.1 A workflow diagram of structure-based drug design (SBDD) process. 

Reprinted with permission from Batool, M., Ahmad, B., & Choi, S. (2019). A Structure-
Based Drug Discovery Paradigm. International journal of molecular sciences, 20(11), 
2783. Copyright © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article 
is an open-access article distributed under the terms and conditions of the Creative 
Commons Attribution (CC BY) license 
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In the discovery stage, a disease-related protein target and potential ligands were 

proceeded cloning of target gene, followed by the expression, extraction, purification, 

and 3D structure determination of the protein. A tremendous number of small molecules 

or compound fragments library can be docked into the binding cavity of the protein by 

using computational algorithms (Batool et al., 2019). The ranking of these molecules 

reflects the electrostatic and steric interactions with the binding site, thus, suggesting the 

possibility of these molecules being good drug candidates. In the development stage, top-

ranking molecules are synthesized and optimized. The molecules will be tested by in 

vitro biomedical essays to evaluate if the candidates can interfere with crucial cellular 

pathways to realize a desired therapeutic and pharmacological effect (de Graaf et al., 

2017).  Biological properties of protein-ligand interaction like efficacy, affinity, and 

potency of the selected compounds are evaluated by experimental methods (Fang, 

2012). The 3D structure of the target protein in complex with the high-profile ligands will 

be determined by suitable technologies, including X-ray crystallography, nuclear 

magnetic resonance (NMR), and cryogenic electron microscopy (Cryo-EM). 

Intermolecular features, including binding pockets, ligand-protein interactions, and 

conformational changes, for molecular recognition and ligand binding, are revealed by 

the structural details to better elucidate the mechanism behind the interaction and instruct 

the further optimization of the drug candidates. The third stage will proceed the drug 

candidate to clinical trials for clinical endpoints, proof of pharmaceutical outcome, and 

potential side effects. Drug candidates passed the third stage will be thrown into the 

market to treat patients for a better-quality life and wellness.  
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1.2 X-ray crystallography for SBDD 

The central theme of SBDD is the molecular recognition between a protein target and its 

ligand (Renaud, 2020). Understanding the molecular recognition and their interaction is 

essential to reveal their function and disfunction of target protein in related diseases and 

to design drugs with better efficacy and specificity. The toolbox of structural biology in 

drug discovery has been expanded to a wide range of computational techniques, 

including molecular dynamics simulation and novel imaging techniques like cryo-EM. 

Among different direct imaging techniques (Table 1.1), the most used technique of the 

single-crystal X-ray crystallography, mostly at synchrotrons.   

 

Table 1.1  

Direct imaging techniques used in drug discovery 

 

 
Reprinted with permission from Renaud, J.-P. (2020). The Evolving Role of Structural 
Biology in Drug Discovery. In Structural Biology in Drug Discovery, J.-P. Renaud (Ed.). 
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Copyright John Wiley and Sons through Copyright Clearance Center’s 
RightsLink®service 
 
  

The first X-ray diffraction by protein crystals was reported in the 1930s (BERNAL & 

CROWFOOT, 1934; Clark & Corrigan, 1932), but after 30 years, the atomic 

crystallographic structure of myoglobin was published (STRANDBERG et al., 1960). 

Although the X-ray crystallography was believed to determine unambiguous protein 

structures, the idea of a protein structure could help the design and optimization of 

specific ligands, which is now a widely accepted obviousness, appeared in 1976 

(Maveyraud & Mourey, 2020), six years after launching of the Protein Data Bank (PDB) 

(Bernstein et al., 1978). The idea then elaborated as “rational drug design cycle” 

mentioned in 1986 (Hol, 1987): the structural information of a protein complex with its 

ligand can guide the rational design and chemical optimization of the drug molecule. The 

central scheme is still appliable nowadays, but with more complexities (Figure 1.2). X-

ray crystallography can be used in various stages of drug discovery, from target 

identification to lead optimization to improve drug candidate potency and selectivity.  
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Figure 1.2 Various uses of X-ray crystallography in the drug discovery pipeline 

Reprinted with permission from Renaud, J.-P. (2020). The Evolving Role of Structural 
Biology in Drug Discovery. In Structural Biology in Drug Discovery, J.-P. Renaud (Ed.). 
Copyright John Wiley and Sons through Copyright Clearance Center’s 
RightsLink®service 
 

X-ray crystallography data collection provides the electron density map of molecules in 

the crystals when interacting with electrons of atoms. The electron density map 

represents the time- and space average of the electron density of each molecule, part of 

which may be missing in the final model due to the poor electron density resulting from 

its high flexibility. Similarly, the low molecular weight compounds may also display 

weak electron densities when overlapping with the electron density of the surrounding 

solvent molecule (Maveyraud & Mourey, 2020). The interaction of an X-ray beam with a 

3D crystal will generate a diffraction pattern where X-ray waves are diffracted in definite 

directions with definite amplitudes and phases (Maveyraud & Mourey, 2020). The 

structure of the molecules was reflected by the amplitudes and phases, which if they are 

known, can be computed to get a determined structure. The wave amplitudes are 

relatively easy to known since the diffracted beam intensities can be measured during the 
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data collection, and it is proportional to the square of the amplitudes. However, the wave 

phases are not directly measurable in diffraction experiments, requiring specific phasing 

methods. Molecular replacement was mainly used for phase determination when a 

homologous structure is available in PDB. Otherwise, experimental phasing is needed to 

provide unbiased phase information by the isomorphous introduction of a specific 

atom such as mercury or iodide or weak anomalous signal of sulfur atoms that natively 

exist in cysteine and methionine sidechains. Combined with calculated phase and 

observed amplitudes, an initial atomic model can be built out of the density map and then 

refined with computation methods. After rounds of model modification and refinement, 

the final best possible model given the experimental data will be determined. Two factors 

are often used to summarize the quality of refinement, R and Rfree. R factor describes the 

ability of the model to explain the observed data used for building and refining the model, 

where else, Rfree factor corresponds to a subset of data that were not used for model 

building. Not only protein or ligand molecules reside in the model, but also solvent 

molecules like water molecules. There are two types of water molecules in a structural 

model. One is discrete water molecules that firmly bound to the proteins, and the other 

type is the water molecules that are more loosely present in the surrounding shells. 

Examining water molecules or other solvent molecules may elucidate important 

information for drug development.  

 

The determined atomic structural model of protein in complex with ligand and solvent 

molecules provides valuable information allowing the medicinal chemist to design 

chemical modifications that can improve the drug potency rationally.  



  8 

1.3 2A protease of human Enterovirus D68 

The human Enterovirus D68 (EV-D68) was first identified and characterized in 

California in 1962 (Schieble et al., 1967), as the infection was linked to the outbreak of 

1153 cases with acute respiratory symptoms in the United States in 2014 (Midgley et al., 

2015). In the same period, a similar infection was reported in Europe (Poelman et al., 

2015), suggesting that the EV-D68 is spreading worldwide and affecting an increasing 

number of people. Among all the infection cases, respiratory illness was identified as the 

most common clinical signature of EV-D68 infections (Oberste et al., 2004). EV-D68 

infections were also linked to acute flaccid myelitis (AFM), a polio-like neurological 

disorder, with symptoms including dysgeusia and muscle weakness (Messacar et al., 

2018). Although EV-D68 is now considered to impact global health significantly, there is 

currently no vaccine or specific antiviral treatment against EV-D68 infection besides 

limited supportive care for severe cases. A recent study shows that the 2A protease on 

EV-D68 performs as a “security protein” by preventing stress granule (SG) formation 

and interferon- ß (IFN-ß) gene transcription in all human EV species (EV-A to EV-D) 

(Visser et al., 2019). Thus, 2A of EV-D68 is significant in the viral infection process of 

evading the host, escaping the host antiviral response, and viral replication.  

An FDA-approved HCV drug, Telaprevir, was proved to be a potent EV-D68 2A 

protease inhibitor (Musharrafieh et al., 2019). To further uncover the detailed structure of 

the EV-D68 2A protease and guide chemical design modification on Telaprevir to 

achieve better potency and selectivity, I report and discuss in this thesis the first atomic 

structure of the first atomic structure EV-D68 2A protease and the structures of its two 

mutant C107A and N84T. The structural model reveals the detailed information of EV-
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D68 2A protease, suitable crystallization conditions and model-building strategies, 

promising to lead the structure determination of EV-D68 2A protease with Telaprevir or 

other compound candidates.  

 

1.4 Leukocyte Integrin ⍺Mβ2 with Cationic Ligand 

Integrins are cell surface adhesion receptors composed of two non-covalently associated 

ab heterodimers that play vital roles in lots of cellular functions, such as cell 

differentiation, cell adhesion, cell migration, and immune response (Hynes, 1992). 

Integrin ⍺Mβ2 is an integrin with the α I-domain, expressed on leukocytes like the 

myeloid, natural killer, and T cells (Shen, 2020). ⍺Mβ2 is associated with many 

immunological functions, including cell extravasation, phagocytosis, and immune 

synapse formation (Kinashi, 2007), so studying the molecular ligand-binding mechanism 

and activation mechanism of ⍺Mβ2 is of importance. Pleiotrophin (PTN) is a 

glycosaminoglycan-binding cytokine and growth factor with potent mitogenic and 

angiogenic activities (Shen, 2020). It’s recently been discovered that PTN is the Cationic 

Ligand	of	⍺Mβ2 (Shen, 2020). The interaction between ⍺Mβ2 and PTN was initially 

accessed by the ability of Mac-1-HEK293 to adhere to immobilized PTN, where 

demonstrates the fact that both HSPG and Mac-1 can act as receptors for PTN and 

confirmed by solution NMR spectroscopy (Shen, 2020). This thesis reports the 

preliminary crystallization condition of the PTN-⍺M I-domain complex and proposes an 

initial structure model with a 4.0 Å resolution that provides a closer understanding of 

PTN-⍺M I-domain interaction and sheds light on solving this complex structure in the 

future. 
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CHAPTER 2 

PROTEIN CRYSTALLOGRAPHY AT X-RAY FREE ELECTRON LASERS  

 

2.1 Abstract 

Protein crystallography has been successful in structural biology studies for decades. 

Atomic details of biological macromolecules solved by X-ray diffraction reveal the 

mechanism of important biological activities, thereby facilitating related drug discovery. 

However, the surge of novel protein structures was slowed down by the requirement of 

conventional synchrotron X-ray diffraction for large-size crystals. The application of X-

ray free electron laser (XFEL) alleviates the uncertain and time-consuming crystal size 

optimization process. Tens of thousands of micron-sized protein crystals are injected into 

an ultra-brilliant femtosecond beam, and the diffraction patterns from each crystal are 

merged and processed to build the complete model of the protein. In this chapter, the 

fundamental principle of XFEL is introduced, the successful examples of protein 

structure determination and the great potential in time-resolved studies are summarized 

and discussed.  

 

2.2 Introduction 

1. Conventional Protein Crystallography Study at Synchrotron Sources   

With the increasing demand for functional investigation of targets such as membrane 

proteins, the structure determination of biological macromolecules becomes increasingly 

significant for drug development. High-resolution structures of macromolecules are 

crucial for characterizing biological functions. Currently, macromolecular 
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crystallography (MX), nuclear magnetic resonance (NMR), and cryogenic electron 

microscopy (cryo-EM) are the most widely employed methods to investigate the atomic 

level, three-dimensional (3D) protein structures. Among these technologies, so far, MX is 

still the most used method to obtain atomic structures of biological macromolecules 

(Figure 2A). In 1912, Max Von Laue suggested that X-ray could be used to explore the 

crystal structure, whereas it took about 30 years to prove his hypothesis with protein 

sample experimentally (BERNAL & CROWFOOT, 1934). Henceforth, X-ray 

crystallography became the central area for structural biology. With technology 

development, synchrotron radiation, generating bright, stable, and narrow X-ray, has 

become an indispensable tool for protein structure determination. Fewer than 500 protein 

crystal structures were deposited in Protein Data Bank (PDB) before the synchrotron 

radiation was used for crystallographic studies. In the 1990s, the introduction of third-

generation synchrotron radiation (SR) and the improvement of tremendously advanced 

structure-analysis software (Evans et al., 2011) enabled the surge of macromolecular 

structures deposited in the PDB (Berman et al., 2003). By September 2021, there were 

over 178,000 protein structures deposited in the PDB, and more than 85% of them were 

determined by X-ray crystallography, among which above 80% of them were determined 

by SR. The brilliant beams achieved using SR have improved data quality and reduced 

the demand for larger crystal sizes for structure determination. The wavelength variability 

of SR makes it easy to obtain experimental phases for anomalous diffraction 

(Hendrickson, n.d.). SR MX beamline now provides the majority of X-ray structures 

deposition every year (Figure 2B).  
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Figure 2.1. Percentage of released PDB structures by methods. A) As shown in the 

legend, the blue area represents the percentage of PDB structures determined by X-ray 

crystallography each year from 1976-2021 (09/21), the orange area represents the 

percentage of structures solved by NMR and the gray area represent the structures 

determined by EM.  B) "Total X-Ray Structures" is the total number of X-ray structures 

deposited in the PDB; "Total Synchrotron Structures" is the total number of X-ray 

structures deposited in the PDB for which data was collected at synchrotron facilities. 

Data accumulated from 1995 to September 2021. 

 

Despite the advancement of SR, there are still challenges remaining from the difficulty of 

obtaining crystals with a suitable size (ideally 50-100 µm). Especially for a membrane 

protein, the size of crystals was an inevitable problem while using conventional 

synchrotron radiation. Although the success rate of getting membrane protein crystals 

was considerably expedited by the discovery of a unique crystallization method called 

lipidic cubic phase (LCP), a membrane-mimetic medium (Caffrey, 2003), the typical 
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crystal size from LCP crystallization is only about 30 µm (Cherezov et al., 2009), far 

from the expectation. Due to the higher nucleation rate and slower diffusion rate in the 

lipid bilayer (W. Liu, Wacker, Wang, Abola, & Cherezov, 2014), crystals embedded in 

LCP tend to be smaller than those using traditional vapor diffusion crystallization 

techniques. Thus, rounds of time-consuming crystallization optimization were necessary 

to achieve a suitable size yet not guaranteed, for data collection at the synchrotron.  

Additionally, room-temperature collected data deterioration caused by X-ray radiation 

damage was also a negative factor in obtaining high-resolution structures. 

 

Therefore, the exploitation of cryocooling and micro-crystallography has dramatically 

boosted the success of membrane protein in-meso crystallization (Ishchenko et al., 2014). 

The third-generation synchrotron uses cryocooling during data collection to reduce 

secondary damage due to the slowing diffusion of radiation-induced radical products. 

Thus, better quality data can be obtained without an apparent decrease in the radiation 

dose (Juers & Matthews, 2004). Micro-crystallography also benefited from third-

generation synchrotron sources, which achieve an increased signal-to-noise ratio and the 

ability to conduct selective data collection to avoid the problems brought by 

inhomogeneous crystals. Yet, radiation damage remains a key limitation for high-

resolution diffraction on small crystals until the X-ray free electron lasers (XFELs) 

sources are used to overcome the barrier.   

 

 

2. Fundamental of XFEL (Diffraction Before Destruction)  
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XFEL generates an ultra-bright and ultrashort X-ray beam with tunable energy and 

femtosecond pulses. Although the power of the XFELs is high enough to destroy the 

crystals immediately in every encounter, the pulse duration enables to catch the 

diffraction patterns before the influence of radiation damage caused by scattered photons 

(Spence et al., 2012). Thus, XFELs allow better collections of high-resolution diffraction 

from small crystals compared to synchrotron radiation. The nature of “diffraction before 

destruction” also eliminates the need for cryocooling, which enables collections under 

room temperature that better mimic in vivo environments. Femtosecond pulses of XFEL 

beams also allow the recording of conformational changes in macromolecules within the 

femtosecond time frame, which may enable the elucidation of the dynamic functional 

mechanism behind the structure.  

 

This ‘diffraction before destruction’ method lay a solid foundation for serial femtosecond 

crystallography (SFX). Thousands of microcrystals were injected into the synchronized 

X-ray bunch in random orientation so that enough patterns of various orientations could 

be collected to produce a complete data set for structure determination. In the early state, 

membrane protein microcrystals were delivered through a liquid matrix, which required a 

large consumption of membrane protein, and most of them went to waste. The 

microcrystals of photosystem I, the first membrane protein structure solved by SFX in 

2011, were delivered with a liquid micro-jet that consumed 10 mg proteins to obtain a 

full data set (Chapman et al., 2011). In the following year, only 3 mg proteins of 

photosynthetic reaction center were required because of changing to a sponge phase 

micro-jet which retained a higher viscosity (Johansson et al., 2012). LCP was taken into 
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consideration not only because its high viscosity can decrease the flow rate with lower 

sample waste but also owing to its ability as a crystal-grown matrix so that crystal 

harvesting steps can be eliminated.  

 

2.3 LCP- serial femtosecond crystallography (SFX) 

Traditionally, the protein crystals were delivered to the X-ray beam through a gas 

dynamic virtual nozzle (GDVN), which delivers the crystals through the low-viscosity 

medium such as the mother liquor of the crystal (DePonte et al., 2008). However, the 

flow rate of this method is about 10 µl/min, and the speed is about 10 m/s. The sample 

consumption is relatively high, which requires about 100 mg of protein for a single 

complete data set, and thinking about the repetition rate of the hard XFEL sources 

currently, most of the crystals are not exposed to the beam which are wasted. LCP can 

not only provide a native-like environment for the protein to crystallize but is a good 

delivery medium for SFX. LCP micro-extrusion injector was designed because the 

GDVN injector was not compatible with the highly viscous material (Weierstall et al., 

2014). The LCP injector can host crystal-laden LCP samples up to 20, 40, or 100 µL and 

consists of a narrow capillary with 10-50 µm diameter. The LCP sample is extruded 

through the capillary by application of high pressure (up to 10,000 psi) from a hydraulic 

plunger, which is driven by a high-performance liquid chromatography (HPLC) pump. A 

flow of nonreactive gas (helium or nitrogen) stabilizes the LCP stream from the capillary 

nozzle. With this injector, the usage of protein can dramatically be reduced to 0.3 mg per 

dataset. With the development of the LCP injector, high-viscosity, crystal embedded LCP 
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can be extruded to the beam at a lower speed at 1-300 µL/min. It reduces the sample 

consumption by 50-100 folds compared with the conventional jetting method. 

 

Practically, because of the huge number of tiny protein crystals, harvesting the protein 

crystals individually is impossible and unnecessary. The protein crystallization occurs in 

syringe condition by injecting the protein-laden LCP into another Hamilton syringe 

filling with the precipitant solution (Cherezov, 2012). Before loading the crystals 

embedded LCP into the sample delivering nozzle, the precipitant solution must be 

extruded. Compared with the traditional crystal harvesting process, sample preparation 

for SFX is more oversimplified. In the experimental validation of LCP-SFX, the 

appearance of strong, sharp diffraction rings was observed due to the formation of lipidic 

lamellar crystalline, Lc, phase (Ishchenko et al., 2014). The transformation from cubic 

phase to Lc phase is attributed to the injection process to the vacuum chamber. This 

problem was subsequently solved by the reconstitution of the protein-laden LCP sample 

by adding a small volume of shorter chain lipidic homologous, 7.9 MAG and 9.7 MAG. 

The transition temperature of these two lipids, from Lc to cubic phase, is 6°C rather than 

18°C for 9.9 MAG (Misquitta et al., 2004). 

 

Besides using LCP as a delivery medium for membrane proteins, it is now considered as 

a suitable carrier of microcrystals of soluble proteins, which allows a decrease in the 

requirement of sample amount compared to the crystals delivered by liquid injectors. 

Two soluble proteins, lysozyme, and phycocyanin, have been used to validate the 
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application of LCP-SFX in soluble protein structure determination with less than 0.1 mg 

of protein usage and sub 2Aͦ resolution (Fromme et al., 2015). 

 

2.4 Successful cases of XFEL in membrane crystallization  

Membrane protein Photosystem Ⅰ was firstly used to prove the concept of single-crystal 

X-ray diffraction “snapshot” using XFEL (Chapman et al., 2011). The key innovation of 

the diffraction experiment included the vacuum-enabled X-ray detection environment and 

the unique approach where diffractions of nanocrystals were collected on a continuously 

liquid jet with a gas dynamic virtual nozzle (GDVN) (DePonte et al., 2008). The structure 

was solved with molecular replacement at 8 Aͦ. The second membrane protein structure 

solved by SFX was the bacterial photosynthetic reaction center with lipidic sponge phase 

(LSP) crystallization (Johansson et al., 2012). By adding additives as jeffamine, dimethyl 

sulfoxide (DMSO), or PEG, the aqueous channels in LCP will swell and transform the 

cubic phase into a liquid-like phase (Wadsten et al., 2006). The usage of LSP made it 

possible to overcome the difficulty of jetting the semisolid LCP through a micrometer-

sized nozzle to deliver microcrystals in SFX and decreased the total required protein 

sample amount (Chapman et al., 2011).  

To achieve better sample utilization and simplify crystal handling procedures, an LCP 

micro-extrusion injector was developed to make LCP suitable for SFX (Weierstall et al., 

2014). Datasets of several G protein-coupled receptors (GPCRs), including serotonin 5-

HT2B receptor bound with ergotamine (W. Liu et al., 2013), were collected using SFX 

with the LCP injector. Compared with the corresponding synchrotron cryo-structure 

(Wacker et al., 2013), the XFEL room-temperature structure has a comparable resolution 
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and similar quality, with a more native-like distribution of thermal motions and residual 

conformation. LCP-SFX also helped to solve the lacking density around the extracellular 

Cysteine-Rich domain of the smoothened receptor bound to the teratogen (Weierstall et 

al., 2014). Compared with structure solved at synchrotron sources with different ligands 

(W. Liu, Wacker, Wang, Abola, Cherezov, et al., 2014; Wang et al., 2013), the SFX 

structure uncovered the pose of cyclopamine inside the transmembrane part of the 

receptor, with lower mosaicity and higher diffraction. Later on, the angiotensin II 

receptor type 1 (AT1R) became the first novel GPCR structure solved by XFEL (Haitao 

Zhang et al., 2015), followed by AT2R (Haitao Zhang et al., 2017). These structures shed 

light on the unique function of the two angiotensin receptors and defined the 

conformational insights for ligand binding and selectivity, which coherently prove that 

XFELs can benefit GPCRs structural determination.  

 

Despite mentioned advantages of XFELs, crystallographic phasing using S-SAD was still 

a challenge for XFELs (Stauch & Cherezov, 2018) since the extremely weak anomalous 

signal from endogenous sulfur atoms (Q. Liu et al., 2012). This has been demonstrated by 

the determination of the LCP-SFX human adenosine A2A receptor (A2AR) phased by S-

SAD (Batyuk et al., 2016). This success validated that the beam energy can be tuned to 

achieve optimal anomalous scattering wavelength for a given element, suggesting that S-

SAD should be a generally applicable method for solving the crystallographic phase 

problem by XFELs (Batyuk et al., 2016).  
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GPCRs ligand-complex studies and light-driven dynamic structural studies are the major 

contributions of XFEL in membrane protein structure study (Table 2.2a and 2.2b). As 

GPCRs take about 50% of the drug market, XFELs would facilitate the understanding of 

structure-function relationships in the GPCR superfamily and accelerate drug discovery. 

For example, the ligand switching study based on β2AR (Ishchenko et al., 2019) reported 

8 structures of β2AR that co-crystallized with different ligands, and 2 of them were 

unreported before. This study revealed an alternative to address the bottleneck in GPCR 

related structure-based drug design (SBDD), which requires many structures of the target 

protein binding with different ligands. This study unlocked the potential of XFELs to 

become a high throughput method for GPCR ligand-complex structure determination. 

 

Significant functions in the photosystem, such as the electron transport chain, were 

carried by membrane proteins, which makes them great targets for the light-driven 

dynamic study. Photosynthesis is considered the most important reaction on earth. It 

converts solar energy to chemical energy that could be consumed by aerobic organisms, 

including humans (Dismukes et al., 2001). The unprecedented structures determination of 

the photosystem by XFEL not only expanded the understanding of the structure insights, 

the time-resolved study also demonstrated the catalytic details of photosynthesis. For 

example, recently discovered 6 structures of the photosynthetic reaction center 

of Blastochloris Viridis show the process of light-induced structural changes on a 

timescale of picoseconds, which uncover the mechanism of how conformational 

dynamics stabilized the charge-separation steps of electron transfer reactions (Dods et al., 

2021).  
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XFELs were also benefited other types of studies, including enzymatic mechanism 

studies, photosynthesis mechanism studies, and technology advancement studies (Table 

2.2c). As mentioned in the previous paragraph, the challenge of using S-SAD to solve 

phase XFELs has been overcome and demonstrated by the determination of the LCP-SFX 

human adenosine A2A receptor (A2AAR) phased by S-SAD (Batyuk et al., 2016), which 

confirm the potential of S-SAD to be a potential alternative to solve phase for XFELs.  

 

XFEL is a powerful tool for structural biologists and biochemists. Since the first XFEL 

facility began to operate, thousands of protein structures have been determined with it. 

With the development of the instrument, more exciting results will be discovered, more 

methods and protocols will be established in the foreseen future. However, the current 

availability of the XFEL facility is too scarce to satisfy the demand from all researchers 

worldwide. More facilities and alternatives, such as serial millisecond crystallography 

(SMX), are needed and will be discussed in the later sections.  
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Table 2.2  

XFEL structures of membrane protein 

Table 2.2a 

XFEL structures of GPCRs ligand-complex study (The reference of each protein 

structure attached in Appendix A) 

Year Protein Species  Sub-group  PDB ID Resolution Institution 
2013 5-HT2B Human GPCRs 4NC3 2.80 SLAC LCLS 
2014 δ-OR Human GPCRs 4RWD 2.70 SLAC LCLS 
2014 SMO Human GPCRs 4O9R 3.20 SLAC LCLS 
2015 AT1R Human GPCRs 4YAY 2.90 SLAC LCLS 
2015 rhodopsin Human GPCRs 4ZWJ 3.30 SLAC LCLS 
2016 OX2R Human GPCRs 5WS3 2.30 SACLA 
2017 GCGR Human GPCRs 5XEZ 3.00 SLAC LCLS 
2017 AT2R Human GPCRs 5UNG, 5UNF 2.80 SLAC LCLS 
2017 SMO Human GPCRs 5V56,  2.90 SLAC LCLS 

2018 MT2 Human GPCRs 
6ME7, 6ME6, 6ME9, 
6ME8 3.10-3.30 SLAC LCLS 

2018 MT1 Human GPCRs 
6ME3, 6ME2, 6ME5, 
6ME4 2.80-3.20 SLAC LCLS 

2018 EP3  Human GPCRs 6M9T 2.50 SLAC LCLS 
2019 MT1 Human GPCRs 6PS8 3.30 SLAC LCLS 
2019 CysLT1R Human GPCRs 6RZ5 2.53 SLAC LCLS 

2019 β2AR Human GPCRs 

6PS1, 6PS4, 6PS3, 
6PS6, 6PS0, 6PRZ, 
6PS5 2.50-3.40 SLAC LCLS 

2019 A2AAR Human GPCRs 6PS7 1.85 SLAC LCLS 
2020 D2R Human GPCRs 7DFP 3.10 SACLA 
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Table 2.2b  

XFEL structures of light-driven dynamic study 

Year Protein Species  Sub-group  PDB ID Resolution Institution 

2014 PS II 
Thermosynechococcus 
elongatus BP-1 Photosystems 4PBU 5.00 

SLAC 
LCLS 

2016 PS II 
Thermosynechococcus 
elongatus BP-1 Photosystems 

5TIS, 5KAF, 
5TIS  2.25-3.00 

SLAC 
LCLS 

2016 PS II 
Thermosynechococcus 
elongatus BP-2 Photosystems 5KAI 2.80 

SLAC 
LCLS 

2016 PS II 
Thermosynechococcus 
vulcanus Photosystems 

5GTH, 5WS6, 
5WS5, 5GTI 2.35-50 SACLA 

2016 bR 
Halobacterium 
salinarum NRC-1 

Bacterial 
Rhodopsin 

5B6Z, 5B6Y, 
5B6V, 5B6X, 
5B6W, 5H2P, 
5H2O, 5H2H, 
5H2J, 5H2I, 
5H2L, 5H2K, 
5H2N, 5H2M  2.10 SACLA 

2018 bR 
Halobacterium 
salinarum NRC-1 

Bacterial 
Rhodopsin 

6GAH, 6GAA, 
6GAC, 6GAB, 
6GAE, 6GAD, 
6GAG, 6GAF, 
6GA9, 6GA8, 
6GA1, 6GA3, 
6GA2, 6GA5, 
6GA4, 6GA7, 
6GA6, 6RMK 1.70-2.10 

SLAC 
LCLS 

2018 bR 
Halobacterium 
salinarum NRC-1 

Bacterial 
Rhodopsin 

6G7I, 6G7H, 
6G7K, 6G7J, 
6G7L 1.50-1.90 

SLAC 
LCLS 

2019 KR2 Dokdonia eikasta 
Bacterial 
Rhodopsin 

6TK6, 6TK5, 
6TK7, 6TK2, 
6TK1, 6TK4, 
6TK3 1.60-2.50 

SwissFEL 
ARAMIS 

2020 PS II 
Thermosynechococcus 
elongatus BP-1 Photosystems 

6W1O, 6W1Q, 
6W1P, 6W1R, 
6W1U, 6W1T, 
6W1V 2.01-2.80 

SLAC 
LCLS 

2020 BvRC Blastochloris viridis 

Photosynthetic 
Reaction 
Centers 

6ZIA, 6ZID, 
6ZI6, 6ZI5, 
6ZI9, 6ZI4 2.80 

SLAC 
LCLS 
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Table 2.2c 

XFEL structures of other types of studies 

Year Protein Species  Sub-group  PDB ID Resolution Institution 

2014 DgkA Escherichia coli K-12 
Phosphotransferas
es 4UYO 2.18 

SLAC 
LCLS 

2017 bCcO Bos taurus 
Electron Transport 
Chain Complexes 5W97 2.30 

SLAC 
LCLS 

2019 bCcO Bos taurus 
Electron Transport 
Chain Complexes 

6NKN, 
6NMP, 
6NMF 2.50-2.90 

SLAC 
LCLS 

2017 M2 

Influenza A virus 
(A/Hickox/1940(H1N
1)) 

Other Ion 
Channels 5TTC 1.40 SACLA 

2017 M3 

Influenza A virus 
(A/Hickox/1940(H1N
1)) 

Other Ion 
Channels 5JOO 1.41 SACLA 

2017 M4 

Influenza A virus 
(A/Hickox/1940(H1N
1)) 

Other Ion 
Channels 5UM1 1.45 SACLA 

2014 PS II 
hermosynechococcus 
vulcanus Photosystems 

4UB6, 
4UB8 1.95 SACLA 

2019 PS II 
Thermosynechococcus 
vulcanus Photosystems 

6JLK, 
6JLJ, 
6JLM, 
6JLL, 
6JLP, 
6JLO, 
6JLN 2.15-2.50 SACLA 

2015 PS II  
Thermosynechococcus 
elongatus BP-1 Photosystems 

5E7C, 
5E79 3.50-4.50 

SLAC 
LCLS 

2015 

SR 
Ca2+-
ATPas
e Oryctolagus cuniculus P-type ATPase 4XOU 2.80 

SLAC 
LCLS 

2016 bR 
Halobacterium 
salinarum 

Bacterial 
Rhodopsin 

5B34, 
5B35 2.10-2.35 SACLA 

2017 RCvir  Blastochloris viridis Photosystems 
5NJ4, 
5O4C 2.40-2.80 

SLAC 
LCLS 

2019 
hAQP
2 Human Channels 6QF5 3.70 

SLAC 
LCLS 

2019 PS I 
Thermosynechococcus 
elongatus BP-1 Photosystems 6PGK 2.90 EuXFEL 

2020 
A2AA
R Human 

G Protein-Coupled 
Receptors 6WQA 2.00 

SLAC 
LCLS 

2020 
A2AA
R Human 

G Protein-Coupled 
Receptors 

6LPK, 
6LPJ 1.80 SACLA 
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*The studies of DgkA and bCcO were categorized as enzymatic mechanism study. The studies of PS II 

were categorized as photosynthesis mechanism study. The studies of SR Ca2+-ATPase, bR, RCvir, hAQP2, 

PS I and A2AAR were categorized as technology advancement studies.  

 

2.5 LCP- serial millisecond crystallography SMX and LCP-Pink beam 
 

The application of SFX facilitates protein structure determination and creates a new path 

of data collection. The remaining issue of SFX, however, is the scarce availability of 

XFEL globally. The theory of free electron laser was developed in the 1970s, and the first 

proposal to build an X-ray free electron laser facility was proposed in 1992 (Pellegrini, 

2012). From there, it took about two decades for the first XFEL facility- LCLS, to start 

for operation. 

 

So far, there are only six operational facilities worldwide. They are European X-Ray 

Free-Electron Laser (European XFEL) in Germany, Linac Coherent Light Source (LCLS) 

and the recently updated LCLS-II in the US, SPRing-8 Compact Free-Electron Laser 

(SACLA) in Japan, Swiss Free-Electron Laser (SwissFEL) in Switzerland, and Pohang 

Accelerator Laboratory X-Ray Free-Electron Laser (PAL-XFEL) in South Korea (Zhu et 

al., 2020). The LCLS was upgraded to LCLS-II provides a giant leap in capability by 

increasing the pulse interval from 120 pulse/sec to 1 million pulse/sec. In 2025, there will 

be one more light source available in China, Shanghai High Repetition Rate XFEL and 

Extreme Light Facility (SHINE) (Xu et al., 2020). The percentage of protein structures 

determined in different XFEL facilities is summarized in figure 2.2. 
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Since the facilities are in short supply and in great demand, it would be optimal if there 

were alternatives with wide accessibility and bright X-ray sources such as synchrotrons. 

To date, the third generation, storage-ring-based synchrotron source can provide 

microfocus monochromatic beamlines with high brightness (up to 1013 photons s−1) and 

extremely focused X-ray beams which makes it become a readily available substitute for 

XFEL (Martin-Garcia et al., 2019). Besides, prescreening the protein crystal sample 

using LCP- serial millisecond crystallography (LCP-SMX) at synchrotron source can 

provide a preliminary diffraction result before collecting data at XFEL, which can make 

better use of the precious XFEL beam time and increase the success rate at XFEL. 

 

Same as LCP-SFX, to collect a complete data set with LCP-SMX, thousands of 

micrometer-sized protein crystals need to be injected into the beam with the LCP nozzle, 

and LCP-SMX obviates the inefficient protein crystal harvesting. The advantages of 

SMX also include that the data collection is under room temperature, which is more 

relevant to the physiological condition. However, limitations of LCP-SMX include 

radiation damage, the need for more high-density protein crystals than LCP-SFX. Due to 

the bandwidth of SMX (ΔE/E ≃ 10−4) being about 1/5th of XFEL plus (ΔE/E ≃ 2×10−3), 

more randomly oriented protein crystals are needed to sample the complete Bragg 

diffraction peaks (Meents et al., 2017). 

 

So far, many SMX measurements have been performed at synchrotron sources with 

monochromatic radiation using millisecond exposure time (Jaeger et al., 2016; Martin-

Garcia et al., 2017). The first serial crystallography study with synchrotron sources was 
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conducted in 2014, which yielded a 2.1 Aͦ lysozyme structure (Stellato et al., 2014). This 

proof-of-concept study confirmed that serial crystallography is applicable at synchrotron 

sources. By merging snapshots from single microcrystals with random ordinations, 

protein structure can be determined. In 2015, the LCP injector was applied to the serial 

crystallography study at synchrotron sources (Nogly et al., 2015) and they determined the 

structure of a membrane bacteriorhodopsin (bR) at a resolution of 2.4 Å at room 

temperature. There is no noticeable difference between the room temperature structure 

and the cryocooling structure, although room temperature data collection is a huge 

advantage because cryocooling sometimes affects the dynamic behavior of protein 

(Fraser et al., 2011; Keedy et al., 2014).    

 

However, to discover the bio-reactions that proceed on a shorter timescale, shorter 

exposure time, and brighter X-ray are needed. Laue diffraction (Keith Moffat et al., 

1984), a method that employs the full polychromatic spectrum of an undulator harmonic 

at a synchrotron source, has been applied to the study of many pivotal biological 

reactions such as enzymatic reactions, ligand–enzyme interactions, viruses, and viral drug 

complex (Keith Moffat et al., 1986). By using the pink beam, the intensity of most 

reflections is fully recorded. Without using a monochromator and only using a mirror for 

high energy cut-off, pink-beam obtains a larger bandwidth (ΔE/E ≃ 5×10−2) which 

reduces the sample consumption. Despite all this, a well-known drawback of Laue 

diffraction is the high-scattering background which typically leads to the low single-to-

noise ratios, thereby reducing the resolution. Air is one of the contributors to the 

background. Embedding the protein sample is one of the solutions to eliminate the effect 
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from the air. Since LCP is an ideal sample deliver matrix, LCP-pink beam has been 

proved a successful method to obtaining atomic-resolution structure. 

 

Figure 2.2. XFEL Facilities Worldwide. a) Distribution of XFEL facilities in the United 

States, Germany, Japan, and Switzerland; b) Percentage of membrane protein XFEL 

structure solved at different facilities, 65% at the US SLAC LCLS, 29% at Japan 

SACLA, 5% at Switzerland SwissFEL and 1% at Germany EuXFEL.  

 

2.6  XFEL application in protein dynamic study 

XFEL-based time-resolved studies create a new path to investigate the molecular insight 

of protein dynamic, which is not accessible with synchrotron source or single-particle 

cryo-electron microscopy (cryo-EM) (Westenhoff et al., 2010).  The protein dynamic 

study using X-ray crystallography was limited by the electron pulse duration of 100 ps 

since 1996 (K Moffat, 1998; Šrajer et al., 1996). Time-resolved-SFX (TR-SFX) provides 

the opportunity of ultrafast time-resolved diffraction study with its extremely brilliant 

pulse and ~40 fs pulse duration.  

 

The TR-SFX results are dominant with light-sensitive proteins, which are not common in 

the human. Therefore, the dynamic studies from TR-SFX do not show huge clinical and 

pharmaceutical impacts so far. However, the light-sensitive systems are easy to initiate or 
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trigger, which makes them an ideal target to prove the concept. Most of the TR-SFX 

studies employed micron-sized crystals, which are less dense compared to other SFX 

experiments, thus, the visible laser beam can perturb most of the protein molecules within 

the microcrystals and thereby trigger or induce the conformational changes. The 

snapshots of conformational changes are recorded by ultrafast pulses. The diffraction 

often exhibits various intermediates of the protein, which consequently lead to X-ray-

induced “radiation damage” as analogous diffraction at synchrotron sources (de la Mora 

et al., 2020; Nass, 2019). TR-SFX performed on light-sensitive proteins has discovered 

many important molecular insights after absorbing a photon.  A recent example of TR-

SFX involving the photosystem II (PS-II) has revealed the mechanism of diffusion of 

energy absorbed with internal chromophores network (Ibrahim et al., 2020; Kern et al., 

2018). Other photo-induced protein systems that have been studied by TR-SFX include 

rhodopsin (Nogly et al., 2018; Skopintsev et al., 2020), green fluorescent proteins 

(Woodhouse et al., 2020), phytochromes (Claesson et al., 2020), and photoactive yellow 

proteins (Pandey et al., 2020). 

 

TR-SFX studies also include relatively slower biological processes such as enzymatic 

reactions whose reaction duration is at the millisecond range. Additional requirements for 

studying the non-light-driven enzymatic reaction include caged compounds or caged 

protein, ligand exchange, or temperature jump.  This is challenging because these 

requirements must be high selectivity, high quantum yield, and temporal resolution.  

Takehiko et al. reported the capturing of intermediate of the enzymatic reaction of 

P450nor in 2017, which is a successful example of the usage of caged compounds (Tosha 
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et al., 2017). The ligand switching experiments with GPCR demonstrated the great 

potential of TR-SFX in drug discovery (Ishchenko et al., 2019).  

 

2.7  Conclusion and future perspective 

The development of XFEL offers a new powerful tool for structural biologists. It 

increased the efficiency and decreased the consumed time by using a smaller and smaller 

number of crystals to collect a complete data set for structure determination, compared to 

conventional synchrotron radiation.  To cope with radiation damage, one of the major 

challenges in crystallography, XFEL minimized it with “diffraction before destruction.” 

However, the data processing of serial crystallography became more complicated than 

single-crystal collection since all microcrystals are randomly oriented. It makes the 

phasing determination even harder. Molecular replacement is the most employed method 

for phase determination, but it highly relies on suitable search models generated from 

previously known protein structures. Studies showed that the beam energy at XFELs can 

be tuned to reach the optimal anomalous scattering wavelength for native sulfur, 

demonstrating that S-SAD could be a potential alternative for some XFELs targets whose 

phasing cannot be determined by molecular replacement. It also has been proved on 

lysozyme that de novo phasing with single-wavelength anomalous dispersion (SIR) 

phasing (Barends et al., 2014) and multiple wavelength anomalous diffraction can help 

the phase problem of XFEL data (Gorel et al., 2017). Yet, further development of data 

processing, especially the alternative methods of phasing, is of great interest.  
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Improvements in the crystal jetting and delivery medium made the data collection more 

efficient and less sample volume required. Practically, the current LCP injector often has 

clog issues due to larger size crystals in the LCP string. This could waste precious beam 

time and protein samples. The balance between crystal size and LCP injector nozzle 

diameter needs to be optimized. Besides, there are still plenty of crystals in the LCP 

stream that do not have a chance to be exposed to the X-ray. Even though the current 

consumption of protein is acceptable, less sample waste is always preferred. Thus, further 

studies of improving hit rate, discovering better delivery medium, optimizing jetting 

nozzle, and designing a better speed control system, are necessary.  

 

The total number of the XFEL facility and available resources are still under demand, 

which makes the beam time very competitive. Better allocation of synchrotron sources 

for the serial crystallography and time-resolved studies will still be valuable. Room 

temperate data collection of serial crystallography at synchrotron source has a great 

potential for the time-resolved study. For the photo-sensitive protein target, synchrotron 

laser pauses can be used to activate the protein crystal, and with the rapid readout 

detector, millisecond resolution can be achieved already. The new generation synchrotron 

source and detector may yield higher resolution for the real-time study.  

 

The TR-SMX facilitates protein dynamic studies. Although the majority of results are 

based on the light-sensitive proteins, the application of caged compounds, ligand 

switching, and substrate diffusion have a great potential to become generalized, which 

can be applied to induce most of the biochemical reactions, and this could be extremely 
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useful for the investigation about the pharmacologically relevant protein target such as 

GPCRs and transporters.  
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CHAPTER 3 

Structural insights of the 2A protease from human Enterovirus D68 

 

3.1 Abstract  

The infection of Enterovirus D68 (EV-D68) is associated with severe respiratory illness 

and acute flaccid myelitis (AFM) in children. There is no vaccine for prevention or 

treatment available for EV-D68 infection. EV-D68 2A protease (2Apro) has been reported 

to be the antiviral target for EV-D68 infection. This thesis reports the first structure of 

EV-D68 2Apro and the structures of its two mutants, N84T (2AN84T) and C107A 

(2AC107A). EV-D68 2Apro adopts a structure of N-terminal four-stranded sheet and C-

terminal six-stranded ß-barrel, like the other enterovirus 2A structures with sub-one 

r.m.s.d. The surface rendering of EV-D68 2A presents an open cleft, with the active site 

being accessible, which promises the interaction between the active site on EV-D68 2A 

and different substrates. The structures of ligand-free 2A protease shed light on the 

detailed structural information and can guide to obtain the ligand-bound complex 

structure in the future.  

 

3.2 Introduction  

The genus Enterovirus of the family Picornaviridae contains many significant pathogens 

related to human and mammalian diseases. This genus contains fifteen species: there are 

four human enteroviruses (A-D) (J. Sun et al., 2019), eight animal enterovirus (E-L), and 

three rhinoviruses (A-C). The human Enterovirus D68 (EV-D68) was first identified and 

characterized in California in 1962 (Schieble et al., 1967). Only 26 sporadic confirmed 
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cases of EV-D68 were reported from 1970 to 2005, according to the statistics of the US 

National Enterovirus Surveillance System (NESS) (Midgley et al., 2015). Although 

infections associated with EV-D68 were considered rare, there was an outbreak in 2014 

in the United States when 1153 cases with acute respiratory symptoms were confirmed to 

be EV-D68 infections (Midgley et al., 2015). A similar statistic of EV-D68 infection was 

reported in Europe during the same period (Poelman et al., 2015). Respiratory illness is 

the most common clinical signature of EV-D68 infections (Oberste et al., 2004). 

Although EV-D68 is a non-polio enterovirus, it was linked to acute flaccid myelitis 

(AFM), a polio-like neurological disorder, with symptoms including dysgeusia and 

muscle weakness (Messacar et al., 2018). Most patients had onset of AFM between 

August and November, with increases in AFM cases every two years since 2014 (Figure 

3.1a). This special linkage suggests a possibility that EV-D68 may result in neurological 

diseases. Although EV-D68 is now considered to impact global health significantly, there 

is currently no vaccine or specific antiviral treatment against EV-D68 infection besides 

limited supportive care for severe cases.  

 

The genome of EV-D68 contains a positive-sense single-stranded RNA of about 7.6 kb, 

encoding a precursor polyprotein which yields four structural proteins (VP1, VP2, VP3, 

and VP4) after autocatalytic cleavage, and seven non-structural proteins (2A, 2B, 2C, 3A, 

3B, 3C, and 3D) (Opanda et al., 2014). (Figure 3.1b) The 2A protease (2Apro), 3Cpro, and 

3CDpro will cleave the polyprotein to produce mature viral proteins upon translation. Both 

2Apro and 3Cpro comprise a catalytic cysteine nucleophile and chymotrypsin-like fold (J. 

Sun et al., 2019). 2Apro and 3Cpro perform different site-cleavage on polyprotein via 
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specific sequences recognition. The 2Apro cleaves at the VP1-2A junction on a conserved 

amino acid sequence, whereas 3Cpro cleaves at all other junctions, including the 3C N-

terminal and C-terminal (J. Sun et al., 2019). 2Apro from human rhinovirus 2 (HRV2) (W. 

Lee et al., 2014), coxsackievirus B4 (CVB4) (Baxter et al., 2006), Coxsackievirus A16  

(CVA16) (Y. Sun et al., 2013), human rhinovirus C15 (HRV-C15) (Ling et al., 2018) and 

EV-A71 (Cai et al., 2013) has an N-terminal four-stranded ß-sheet and a C-terminal ß-

barrel with six ß-sheets, while 3Cpro from poliovirus 1 (PV-1) (Mosimann et al., 1997), 

hepatitis A virus (HAV) (Malcolm et al., 1994), human rhinovirus 14 (HRV14) 

(Matthews et al., 1994), EV-A71 (Cui et al., 2011), and EV-D68 (Tan et al., 2013) adopts 

an N-terminal ß-barrel with six ß-sheet. 2Apro contains an additional noncatalytic Zn atom 

not found in the EV 3Cpro structures except for hepatitis C virus (HCV) NS3-4A serine 

protease (Stempniak et al., 1997). 

 

Studies show that non-structural proteins can interact with the host to facilitate virus 

replication by suppressing interferon production and escaping immune response (Feng et 

al., 2014; Lei et al., 2011). A recent study shows that 2A performs as a “security protein” 

of enteroviruses by preventing stress granule (SG) formation and interferon- ß (IFN-ß) 

gene transcription in all human EV species (EV-A to EV-D) (Visser et al., 2019). Thus, 

2A of EV-D68 is significant in the viral infection process of evading the host, escaping 

the host antiviral response, and maintaining viral replication.  

 

Despite the importance of EV-D68 2Apro, and it has become a popular target for drug 

discovery, it turned out that it cannot be expressed in E. coli. on its own, until recently, a 
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cleavable SUMO tag realized its upscaled production (Musharrafieh et al., 2019). As 

shown in the fluorescence resonance energy transfer (FRET) assay, the 2A protease 

activity demonstrated its specific cleavage towards a peptide substrate designed based 

on VP1–2A junction (Yanmei Hu, Rami Musharrafieh, Madeleine Zheng, 

2020). Telaprevir - an FDA-approved HCV NS3/NS4A serine protease inhibitor, was 

identified as a 2A protease inhibitor with an IC50 value of 0.2 μM after FRET-based high-

throughput screening against the Selleckchem protease inhibitor library (Musharrafieh et 

al., 2019). Enzyme kinetic studies suggest, and the dialysis experiment suggested that the 

complex formation of telaprevir and EV-D68 2Apro is irreversible. Following cell studies 

supported telaprevir blocking EV-D68 2Apro replication during early stages in multiple 

cell lines, including RD, A549, HEK293, and neuronal cells A172 (Musharrafieh et al., 

2019). The serial viral passage experiment (Ulferts et al., 2016) selected a drug-resistant 

mutation N84T in both the enzymatic assay and the cellular antiviral assay (Musharrafieh 

et al., 2019). The thermal shift assay also supports the single mutation resistance that 

telaprevir can significantly stabilize the EV-D68 2Apro by increasing the melting 

temperature (Tm) by 13.78°C at 30 µM, while for the N84T mutant, it has a minimal 

effect. Altogether, EV-D68 2Apro was proved to be an antiviral drug target, and telaprevir 

is a candidate of EV-D68 2Apro inhibitors.  

 

Even though great opportunities lie in telaprevir to be a potent antiviral drug, some risks 

are still uncovered. It has been reported that as a discontinued HCV drug, dermatological 

side-effects were observed on patients getting telaprevir monotherapy (Torii et al., 2013), 

which is a red flag for pediatric patients’ treatment. Since telaprevir was not discovered 
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for antiviral treatment for EV-D68 2Apro, additional drug design to achieve higher 

potency and better selectivity is expected through a structure-based approach. Thus, 

solving the high-resolution structures of the EV-D68 2Apro and EV-D68 2AN84T is 

necessary to accelerate e the process.  

 

Here, the first crystal structure of EV-D68 2Apro at 3.5 Å resolution (7MG0), along with 

two mutants’ structure EV-D68 2AC107A mutant (7JRE) at 2.5 Å and N84T mutant (EV-

D68 2AN84T) at 2.6 Å (7LW2), are reported (Figure 3.2). Comparison of these structures 

to other 2Apro from EV-A71, CVA16, and HRV-C15 was conducted since they are three 

of the 2Apro structures with the highest sequence identity and structural similarity.  

 

 
 

Figure 3.1 EV-D68 infection cased from 2014-2020 a) Number of confirmed cases of 

acute flaccid myelitis reported to the Centers for Disease Control and Prevention, United 
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States, August 1, 2014–August 31, 2020. Data as of August 31, 2020. b) Schematic 

representation of the enterovirus D68 genome. 

Figure 3.1b Sun, J., Hu, X. Y., & Yu, X. F. (2019). Current Understanding of Human 
Enterovirus D68. Viruses, 11(6), 490. https://doi.org/10.3390/v11060490 Copyright © 
2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open-access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license 
 

 
 

 
 

Figure 3.2 Overall structure of EV-D68 2A protease structures a) Overall structure of 

EV-D68 2AC107Achain E. The N-terminal domain and the C-terminal domain are shown 

in orange and green, respectively. The zinc ion is represented as a magenta-colored 

sphere. b) Overall structure of EV-D68 2AN84T chain E. The N-terminal domain and the 

C-terminal domain are shown in pink and purple. The zinc ion is represented as a 

magenta-colored sphere. c) Overall structure of EV-D68 2Apro chain B. The N-terminal 

domain and the C-terminal domain are shown in yellow and cyan. The zinc ion is 

represented as a magenta-colored sphere. 
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3.3 Materials and Methods 

1. Materials and Instruments   

Commercialized crystallization screens PEG/Ion HT (HR2-139), Index HT (HR2-134), 

Crystal Screen HT (HR2-130), and Natrix HT (HR2-131) were purchased from Hampton 

Research. High-throughput crystallization robot Crystal Gryphon was purchased from Art 

Robbins Instruments. Crystallization plate storage and inspection robot Rigaku was 

purchased by Petra Fromme Group and was shared with the entire Biodesign Center for 

Applied Structure Discovery (BCASD).  

Protein samples were overexpressed and purified by Chunlong Ma, Juliana Choza, and 

Tommy Szeto from Dr. Jun Wang’s lab at the University of Arizona.  

 

2. EV-D68 2Apro crystallization 

A) First round of crystallization screening  

Samples were received on dry ice, including EV-D68 2Apro #2 at 6.2 mg/ml and EV-D68 

2Apro #6 at 13 mg/ml. Samples were centrifuged at 16,000g for 10 min at 4 °C before 

setting up crystallization. Crystallization was set up at room temperature using Crystal 

Gryphon. 6 commercialized crystallization screens were tried for each sample. For the 

EV-D68 2Apro #6, the volume was only enough for 3 screens.  

Detailed information of crystallization setup for each sample shows in Table 3.1. 
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Table 3.1 

First-round EV-D68 2Apro crystallization screening  

  
Sample Concentration Protein: Precipitant Screen 

EV-D68 
2Apro #2 

6.2 mg/ml 
 

2:1 in subwell1 
 
1:1 in subwell2  
 

HR2-139 PEG/ION HT 

HR2-134 Index HT 

HR2-131 Natrix HT 

HR2-137 MembFac HT 

HR2-248 Grid Screen Salt HT 

HR2-130 Crystal Screen HT 
 
 

Sample Concentration Protein: Precipitant Screen 

EV-D68 
2Apro #6 

13.0 mg/ml 
 

2:1 in subwell1 
1:1 in subwell2  
 

HR2-139 PEG/ION HT 

HR2-134 Index HT 

HR2-131 Natrix HT 
 

* For each well of the plate, 200 nL protein and 100 nL precipitant solution were 

dispensed in subwell1, and 100 nL protein and 100 nL precipitant solution were 

dispensed in subwell2. 

 

All screens were incubated in 20 °C storage, and images were taken by Rigaku.  

 

B) First round of crystallization optimization 
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EV-D68 2Apro sample was received on blue ice, 10.0 mg/ml. The sample was 

concentrated at 3,000 g at 4 °C until the concentration reached 13.0 mg/ml and then 

centrifuged at 16,000g for 10 min at 4°C before setting up crystallization. Crystallization 

was set up at room temperature using Crystal Gryphon. 

Optimization screens were designed based on the result of previous screenings (Figure 

3.3-3.5). The concentration of each component was optimized based on its initial 

concentration. Two commercialized crystallization screens were used as positive 

controls, and three optimization screens OPT-VP-1, OPT-VP-2 and OPT-VP-3 were 

tested (Table 3.2) 

All screens were incubated in 20°C storage and images were taken by Rigaku.  
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Figure 3.3 OPT-VP-1 (optimization of Sodium cacodylate and magnesium chloride 

concentration) shows the detailed design of the optimization screen. A-H represent 8 

rows on a 96 well screen plate, and 1-12 represent 12 columns it has. All components 

were labeled with their stock concentration, and each number in a cell represents the 

amount in volume (µl) of the component in each corresponding well.  
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Figure 3.4 OPT-VP-2 (optimization of calcium chloride and spermine concentration) 

shows the detailed design of the optimization screen. A-H represent 8 rows on a 96 well 

screen plate, and 1-12 represent 12 columns it has. All components were labeled with 

their stock concentration, and each number in a cell represents the amount in volume (µl) 

of the component in each corresponding well.  
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Figure 3.5 OPT-VP-3 (optimization 2-propanol concentration) shows the detailed design 

of the optimization screen. A-H represent 8 rows on a 96 well screen plate and 1-12 

represent 12 columns it has. All components were labeled with their stock concentration 

and each number in a cell represents the amount in volume (µl) of the component in each 

corresponding well.  
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Table 3.2  

First-round D682A-WT crystallization optimization  

 

Sample Concentration Protein: Precipitant Screen 

EV-D68 
2Apro 

13.0 mg/ml 
 

2:1 in subwell1 
 
1:1 in subwell2  
 

HR2-134 Index HT 

HR2-131 Natrix HT 

OPT-VP-1 

OPT-VP-2 

   OPT-VP-3 

 

 

C) Second round of crystallization optimization 

EV-D68 2Apro sample was received on blue ice, 10.0 mg/ml. Sample was aliquot into 

three tubes with the same volume. Sample 1 was diluted into 8 mg/ml using the 

purification buffer. Sample 2 was kept as 10 mg/ml. Sample 3 was concentrated at 3,000 

g at 4 °C until the concentration reached 13.0 mg/ml. All three samples were centrifuged 

at 16,000g for 10 min at 4 °C before setting up crystallization. Crystallization was set up 

at room temperature using Crystal Gryphon. In this round, desired protein concentration 

was optimized (Table 3.3). All screens were incubated in 20 °C storage and images were 

taken by Rigaku.  
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Table 3.3 

Second-round EV-D68 2Apro crystallization optimization  

 

Sample Screen Protein: Precipitant Concentration 

1  OPT-VP- 4 2:1 in subwell1 
 
1:1 in subwell2  
 

8 mg/ml 

2 10 mg/ml 

3 13 mg/ml 

 

 

D) Third round of crystallization optimization 

EV-D68 2Apro sample was received on blue ice, 10.0 mg/ml. Sample was aliquot into 

three tubes with the same volume. Sample 1 was diluted into 8 mg/ml using the 

purification buffer. Sample 2 was kept as 10 mg/ml. Sample 3 was concentrated at 3,000 

g at 4 °C until the concentration reached 13.0 mg/ml. All three samples were centrifuged 

at 16,000g for 10 min at 4 °C before setting up crystallization. Crystallization was set up 

at room temperature using Crystal Gryphon. In this round, different crystallization 

volumes would be tested to find out if bigger crystals would grow. Additionally, different 

concentrations of the sample were tested again in this larger volume. Screen was 

incubated in 20 °C storage, and inspections were conducted manually. Eight 

crystallization conditions (named E3-E6, F3-F6) were chosen based on the second-round 

optimization result (Table 3.4) 
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Table 3.4 

Third-round EV-D68 2Apro crystallization optimization   

  1 2 3 4 5 6 

A E3 F3 E3 F3 E3 F3 

B E4 F4 E4 F4 E4 F4 

C E5 F5 E5 F5 E5 F5 

D	 E6 F6 E6 F6 E6 F6 

 

Detailed crystallization conditions are listed below 

(E3) 1430.3 µl dH2O, 0.05 M Sodium cacodylate, 15% v/v 2-Propanol, 0.0025 M 

MgCl2, 21.8 µl CaCl2, 0.001 M Spermine. 

(E4) 1422.1 µl dH2O, 0.05 M Sodium cacodylate, 342.9 µl 2-Propanol, 0.0025 M 

MgCl2, 30 µl CaCl2, 0.001 M Spermine. 

(E5) 1412.1 µl dH2O, 0.05 M Sodium cacodylate, 342.9 µl 2-Propanol, 0.0025 M 

MgCl2, 40 µl CaCl2, 100 µl Spermine. 

(E6) 1402.1 µl dH2O, 0.05 M Sodium cacodylate, 342.9 µl 2-Propanol, 0.0025 M 

MgCl2, 50 µl CaCl2, 100 µl Spermine. 

(F3) 1425.3 µl dH2O, 0.05 M Sodium cacodylate, 342.9 µl 2-Propanol, 0.005 M MgCl2, 

21.8 µl CaCl2, 100 µl Spermine. 
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(F4) 1417.1 µl dH2O, 0.05 M Sodium cacodylate, 342.9 µl 2-Propanol, 0.005 M MgCl2, 

30 µl CaCl2, 100 µl Spermine. 

(F5) 1407.1 µl dH2O, 0.05 M Sodium cacodylate, 342.9 µl 2-Propanol, 0.005 M MgCl2, 

40 µl CaCl2, 100 µl Spermine. 

(F6) 1397.1 µl dH2O, 0.05 M Sodium cacodylate, 342.9 µl 2-Propanol, 0.005 M MgCl2, 

50 µl CaCl2, 100 µl Spermine 

 

For each condition, 500 µl of precipitant will be pipette into the reservoir, and 2.5 µl of 

precipitant will be transferred onto the well. 5 µl of the protein sample will then be added 

to the well. After all conditions finished, the plate will be covered by Crystal Clear 

Sealing Tape and stored at 20° C for manual inspection.  

  

3. EV-D68 2AN84T Crystallization 

A) First round of crystallization screening  

EV-D68 2AN84T was received on dry ice at 6.6 mg/ml and was centrifuged at 16,000g for 

10 min at 4 °C before setting up crystallization. Crystallization was set up at room 

temperature using Crystal Gryphon. 6 commercialized crystallization screens were tried 

for each sample. Detailed information on crystallization setup for each sample shows in 

Table 3.5. All screens were incubated in 20 °C storage and images were taken by Rigaku.  

 

 

 



  48 

Table 3.5 

First-round of EV-D68 2AN84T crystallization screening setup  

Sample Concentration Protein: Precipitant Screen 

EV-D68 
2AN84T 

6.6 mg/ml 
 

2:1 in subwell1 
 
1:1 in subwell2  
 

HR2-139 PEG/ION HT 

HR2-134 Index HT 

HR2-131 Natrix HT 

HR2-137 MembFac HT 

HR2-248 Grid Screen Salt HT 

HR2-130 Crystal Screen HT 
 

 

B) Second round of crystallization screening  

EV-D68 2AN84T was received on dry ice at 10 mg/ml and was concentrated at 3,000 g at 

4 °C until the concentration reached 13.0 mg/ml. The sample was centrifuged at 16,000g 

for 10 min at 4 °C before setting up crystallization. Crystallization was set up at room 

temperature using Crystal Gryphon. 6 commercialized crystallization screens were tried. 

Detailed information of crystallization setup for each sample shows in Table 3.6. 

Crystallization plates were stored at 20 ºC, imaged, and inspected using the 

CrystalMation System (Rigaku) with visible, cross-polarized filter and UV imaging 

modes. 
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Table 3.6 

Second-round of EV-D68 2AN84T crystallization screening setup  

Sample Concentration Protein: Precipitant Screen 

EV-D68 
2AN84T 

13.0 mg/ml 
 

2:1 in subwell1 
 
1:1 in subwell2  
 

HR2-139 PEG/ION HT 

HR2-134 Index HT 

HR2-131 Natrix HT 

HR2-137 MembFac HT 

HR2-248 Grid Screen Salt HT 

HR2-130 Crystal Screen HT 
 

 

C) First round of EV-D68 2AN84T crystallization optimization   

EV-D68 2AN84T was received on dry ice at 10 mg/ml and was concentrated at 3,000 g at 

4 °C until the concentration reached 13.0 mg/ml. The sample was centrifuged at 16,000g 

for 10 min at 4 °C before setting up crystallization. Crystallization was set up using 24-

well plates. The optimization plate (Table 3.6) was designed based on the crystallization 

condition of the second round of screening. For each condition, 500 µl of precipitant will 

be pipette into the reservoir, and 3 µl of precipitant will be transferred onto the well. 3 µl 

of protein sample will then be added onto the well. After all conditions finished, the plate 

will be covered by Crystal Clear Sealing Tape and stored at 20° C for manual inspection.  
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Table 3.7 

Second-round of EV-D68 2AN84T crystallization screening setup  

    1 2 3 4 5 6 
A Magnesium chloride/M 0.005 0.018 0.025 0.005 0.018 0.025 
  Sodium cacodylate pH 6.5/M 0.05 0.05 0.05 0.05 0.05 0.05 
  2-propanol/% (v/v) 10 10 10 10 10 10 
  Spermine/M 0.003 0.003 0.003 0.01 0.01 0.01 
B Magnesium chloride/M 0.005 0.018 0.025 0.005 0.018 0.025 
  Sodium cacodylate pH 6.5/M 0.05 0.05 0.05 0.05 0.05 0.05 
  2-propanol/% (v/v) 15 15 15 15 15 15 
  Spermine/M 0.003 0.003 0.003 0.01 0.01 0.01 
C Magnesium chloride/M 0.005 0.018 0.025 0.005 0.018 0.025 
  Sodium cacodylate pH 6.5/M 0.05 0.05 0.05 0.05 0.05 0.05 
  2-propanol/% (v/v) 10 10 10 10 10 10 
  Spermine/M 0.005 0.005 0.005 0.015 0.015 0.015 
D Magnesium chloride/M 0.005 0.018 0.025 0.005 0.018 0.025 
  Sodium cacodylate pH 6.5/M 0.05 0.05 0.05 0.05 0.05 0.05 
  2-propanol/% (v/v) 15 15 15 15 15 15 

  Spermine/M 0.005 0.005 0.005 0.015 0.015 0.015 
 

 

4. EV-D68 2AC107A crystallization 

A) First round crystallization screening 

EV-D68 2AC107A sample was received on blue ice, 10.4 mg/ml. The sample was 

concentrated at 3,000 g at 4 °C until the concentration reached 13.0 mg/ml and then 

centrifuged at 16,000g for 10 min at 4 °C before setting up crystallization. Crystallization 

was set up at room temperature using Crystal Gryphon. 6 commercialized crystallization 

screens were tried for each sample. Detailed information of crystallization setup for each 

sample shows in Table 3.7A. All screens were incubated at 20 °C storage and images 

were taken by Rigaku.  
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B) Second round crystallization screening 

A new sample of EV-D68 2AC107A was requested and was received on blue ice at ~10.0 

mg/ml. The sample was concentrated at 3,000 g at 4 °C until the concentration reached 

13.0 mg/ml and then centrifuged at 16,000g for 10 min at 4 °C before setting up 

crystallization. 6 commercialized crystallization screens were repeated (Table 3.7A), and 

crystallization was also set up using the same condition where the 2AN84T proteins grew 

into large crystals in a buffer of 0.05 M sodium cacodylate pH 6.5, 10%(v/v) 2-propanol, 

0.005 M magnesium chloride and 0.005 M Spermine. The crystallization was set up using 

the 24-well crystallization plate (Table 3.7B).   

 

Table 3.8 

First/Second-round of EV-D68 2AC107A crystallization screening setup  

A. 96-well plates 

Sample Concentration Protein: Precipitant Screen 

EV-D68 
2AC107A 

13.0 mg/ml 
 

2:1 in subwell1 
 
1:1 in subwell2  
 

HR2-139 PEG/ION HT 

HR2-134 Index HT 

HR2-131 Natrix HT 

HR2-137 MembFac HT 

HR2-248 Grid Screen Salt HT 

HR2-130 Crystal Screen HT 

 

B. 24-well plate 

    1 2 
A Protein  5 𝜇L 3 𝜇L 
  Precipitant 2.5 𝜇L 3 𝜇L 
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B Protein  5 𝜇L 3 𝜇L 
  Precipitant 2.5 𝜇L 3 𝜇L 
C Protein  5 𝜇L 3 𝜇L 
  Precipitant 2.5 𝜇L 3 𝜇L 

 

*For each condition, 500 µl of precipitant was added to the reservoir. Then, 2.5 µl or 3 µl 

of precipitant was transferred from the reservoir onto the well. 5 µl or 3 µl of protein 

solution was then added onto the well.  

 

5. Crystallization for data collection 

All crystals sent for beamline data collection and used for model building and structural 

determination, were produced on 24-well crystallization plates.  

The EV-D68 2Apro crystals were produced under the condition of 0.05 M Sodium 

Cacodylate pH 6.0, 0.05 M Magnesium Chloride, 0.002 M Calcium Chloride, 15% v/v 2-

Propanol, and 0.001 M Spermine. The ratio of protein to precipitant was 2:1, and the 

crystallization temperature was 20 °C.  

The EV-D68 2AN84T crystals were produced under the condition of 0.05 M Sodium 

Cacodylate pH 6.5, 10%(v/v) 2-propanol, 0.005 M Magnesium Chloride and 0.005 M 

Spermine. The ratio of protein to precipitant was 1:1, and the crystallization temperature 

was 20 °C.  

The EV-D68 2AC107A crystals were produced under the condition of 0.05 M Sodium 

Cacodylate pH 6.5, 10%(v/v) 2-propanol, 0.005 M Magnesium Chloride and 0.005 M 

Spermine. The ratio of protein to precipitant was 2:1, and the crystallization temperature 

was 20 °C.  
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6. Structure determination  

The crystals of 2AC107A were transferred into a mother liquor solution containing 40% of 

glycerol as a cryoprotectant and were incubated for 10 min under 20 ºC before flash 

freezing in liquid nitrogen for data collection. X-ray diffraction data were collected 

remotely at the National Synchrotron Light Source II beamline 17-ID-2 on an Eiger 16M 

detector. 

 

Single crystal diffraction data were processed by XDS (Kabsch, 2010), and the space 

group was determined to belong to P4. Partial twining was detected by Xtriage in Phenix 

(Adams et al., 2010). Then, the phase of 2AC107A was determined using molecular 

replacement (MR) by the program BALBES on the CCP4 online server (Krissinel et al., 

2018). The crystal structure of human rhinovirus 2 (HRV2) 2Apro (PDB code: 2HRV) 

was used as the search model. To achieve a model with better statistics and geometry, the 

second round of molecular replacement using the initial MR model using Phaser-MR in 

Phenix, along with the poly-Alanine model to reduce bias, which gave a better MR 

resolution with proper density fit. The model was further refined by multiple rounds of 

phenix.refine, followed by Phenix Rosetta refinement (twin operator applied with default 

setting) and Buster refinement (Smart et al., 2012). Ramachandran outliers and rotamer 

outliers were manually fixed by KING (Chen et al., 2009).   

 

The crystals of 2AN84T were transferred into a mother liquor solution containing 40% of 

glycerol as a cryoprotectant and were incubated for 10 min under 20 ºC before flash 

freezing in liquid nitrogen for data collection. X-ray diffraction data were collected 
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remotely at the Lawrence Berkeley National Laboratory beamline 5.0.2 on a Pilatus3 6M 

detector. The phase of 2AN84T was determined using MR by the program Phaser in 

Phenix, using 2AC107A as the search model. The model was further refined using the same 

method described above.  

 

The crystals of 2Apro were transferred into a mother liquor solution containing 40% of 

glycerol as a cryoprotectant and were incubated for 10 min under 20 ºC before flash 

freezing in liquid nitrogen for data collection. X-ray diffraction data were collected 

remotely at the Advanced Photon Source beamline 19-BM on an ADSC Quantum 315r 

detector. The phase of 2Apro was determined using MR by the program Phaser in Phenix, 

using 2AC107A as the search model. The model was further refined using the same method 

described above.  

 

The statistics for data collection and refinement are given in Table 3.8. The graphical 

representations within this article were made with the PyMOL Molecular Graphics 

System, version 1.4 (Schrödinger LLC) and Chimera (Pettersen et al., 2004).   
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Table 3.9 

 Data collection and refinement statistics 

   2Apro 2AC107A 2AN84T 
 Data 

collection  
    

  Space group P4 P4 P4 
  Cell dimensions    
                    a (Å) 118.157 118.77 119.255 
                    b (Å) 118.157 118.77 119.255 
                    c (Å) 81.735 80.38 80.326 
                    β (°) 90 90 90 
  Resolution (Å) 44.38-3.2 (3.26-3.2) 47.77-2.50 (2.50-

2.59) 
39.75-
2.57 
(2.662-
2.57) 
 

  Rpim 0.044 (0.496) 0.044 (0.213) 0.032(0.
698) 

  Rmeas 0.120 (1.335) 0.062 (0.302) 0.045 
(0.988) 
 

  I/σ(I) 25.4 (1.3) 21 (3.8) 16.31 
(1.00) 

  Completeness (%) 99.92 (99.93) 100.0 (100.0) 99.94 
(99.75) 

  Redundancy 3.9 2.0  2.0 
Refinement      
  Resolution (Å) 3.5 2.5 2.6 
  No. of reflections 14,386 38,883 36,100 
  Rwork/Rfree 0.238/0.285 0.219/0.240 0.216/0.

242 
  No. of non-hydrogen 

atoms 
   

                   
Macromolecules 

5,980 6,150 6,128 

                   Ion 6 6 6 
                   Solvent 17 59 35 
  Average B factor (Å2) 117.15 64.77 73.96 
  Twin operator/fraction h,-k,-l/ 0.468 h,-k,-l/ 0.347 h,-k,-

l/0.478 
  Ramachandran statistics 

(%) 
   

                   Most favored 92.52 94.76 97.26 
                   Allowed 7.24 5.24 2.74 
                   Outliers 0.24 0.00 0.00 
  RMSD    
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  Bond lengths (Å) 0.003 0.006 0.006 
  Bond angles (°) 0.71 0.77 0.83 

 

3.4 Results 

1. First round EV-D68 2Apro crystallization 

EV-D68 2Apro #2 didn’t give promising crystal hits during 20 days of inspection. EV-

D68 2Apro #6 gave initial crystals in several crystallization wells.  

 

Figure 3.6A shows the brightfield and UV image of crystals under the condition of 0.04 

M Magnesium chloride hexahydrate, 0.05 M Sodium cacodylate trihydrate pH 6.0, 5% 

v/v (+/-)-2-Methyl-2,4-pentanediol. Figure 3.1B shows the brightfield and UV image of 

crystals under the condition of 0.005 M Magnesium chloride hexahydrate, 0.002 M 

Calcium chloride dihydrate, 0.05 M Sodium cacodylate trihydrate pH 6.0, 15% v/v 2-

Propanol, 0.001 M Spermine. Figure 3.1C shows the brightfield and UV image of 

crystals under the condition of 0.018 M Magnesium chloride hexahydrate, 0.05 M 

Sodium cacodylate trihydrate pH 6.5, 10% v/v 2-Propanol, 0.003 M Spermine.  
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Figure 3.6. Brightfield and UV images of initial crystal hits of D682A-WT #6 under 

three crystallization conditions.  
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Compared to the result of EV-D68 2Apro #2 and EV-D68 2Apro #6, protein concentration 

was the determining factor of crystal formation. 13 mg/ml as EV-D68 2Apro #6 was 

chosen as the concentration for future optimizations rather than 6.2 mg/ml.  

According to all crystallization conditions of first-round screening of EV-D68 2Apro #6, 

the optimization conditions should contain Magnesium chloride hexahydrate, Calcium 

chloride dihydrate, Sodium cacodylate trihydrate pH 6.0, 2-Propanol, and Spermine. The 

concentration of each component would be optimized based on their initial concentration.  

 

2. First round of EV-D68 2Apro crystallization optimization 

Crystals were observed in optimization screens, and crystal sizes were in the range of 10-

40 µm. Two conditions gave the biggest crystals among all wells (Figure 3.7), and 

crystals were observed on Day1 and stopped growing bigger until Day5. According to the 

best two wells, the concentration of Sodium Cacodylate pH 6.0 can be set as 0.05 M, the 

concentration of Magnesium Chloride can be set as 0.005 M, and the concentration of 

Spermine can be set as 0.001 M. As for the rest of the two components, further 

optimization should be designed, and the concentration range of 2-propanol was set 

between 11.4% - 17.1% v/v and the concentration range of Calcium Chloride was set 

between 0.001-0.013 M.  
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Figure 3.7. Brightfield and UV images of crystal of D682A-WT for first round 

optimization under three crystallization conditions. Crystallization condition for image A: 

0.005 M Magnesium Chloride, 0.05 M Sodium Cacodylate pH 6.0, 0.001 M Calcium 

Chloride, 17.1% v/v 2-propanol, 0.001 M Spermine. Crystallization condition for image 

B: 0.005 M Magnesium Chloride, 0.05 M Sodium Cacodylate pH 6.0, 0.013 M Calcium 

Chloride, 11.4% v/v 2-propanol, 0.001 M Spermine.  

 

3. Third-round of EV-D68 2Apro crystallization optimization 

Crystals with the size around 50 µm were observed in the larger volume crystallization 

no matter the protein concentration and the condition with 0.05 M Sodium Cacodylate pH 
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6.0, 0.05 M Magnesium Chloride, 0.002 M Calcium Chloride, 15% v/v 2-Propanol, 0.001 

M Spermine gave the relatively larger crystal among all wells (Figure 3.8).  

 

 

Figure 3.8. Brightfield image of crystal of D682A-WT for third-round optimization.  

 

4. First round of EV-D68 2AN84T crystallization screening 

No crystal was observed in this initial screening, which might be due to the relatively low 

protein concentration, considering the result EV-D68 2Apro.  

 

5. Second round of EV-D68 2AN84T crystallization screening  

Only one single crystal (Figure 3.9) was observed in the condition containing 0.018 M 

Magnesium chloride, 0.05 M Sodium Cacodylate trihydrate pH 6.5, 10% 2-propanol, and 

0.003 M Spermine. This condition is highly similar to the crystallization condition of EV-
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D68 2Apro. The significant difference is the ratio of protein to precipitant of EV-D68 

2AN84T is 1:1, other than 2:1 as the EV-D68 2Apro, which indicated that EV-D68 2AN84T 

needs less protein concentration to nucleate compared to EV-D68 2Apro.  

 

 

Figure 3.9. Brightfield and UV image of a single crystal for EV-D68 2AN84T in the 

second round of crystallization screening.   

 

6. First round of EV-D68 2AN84T crystallization optimization  

Crystal was reproduced in the optimized conditions, and the biggest crystals were found 

in the well (Figure 3.10) with 0.05 M Sodium Cacodylate pH 6.5, 10%(v/v) 2-propanol, 

0.005 M Magnesium Chloride, and 0.005 M Spermine. 
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Figure 3.10. Brightfield image of crystals for EV-D68 2AN84T in the first round of 

crystallization optimization.   

 

7. First round of EV-D68 2AC107A crystallization screening 

No crystal was observed in neither of the plates. The image was taken on the received 

sample, and yellow color was observed (Figure 3.12), which is different from the more 

transparent color of previous samples.  

 

8. Second round of EV-D68 2AC107A crystallization screening 

Crystals were observed in the wells of the 24-well plate setup (Figure 3.11). The crystals 

in the 2:1 ratio of protein to precipitant were double the size of the crystals in the 1:1 ratio 

wells, which indicates that for EV-D68 2AC107A, the higher concentration of the protein, 

the bigger the crystal yield. However, heavy protein precipitant was observed in the well 
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as well and occurred on the first day of setup, so higher protein concentration would not 

be perused.  

 

Figure 3.11. Brightfield image of crystals for EV-D68 2AC107A in the second round of 

crystallization screening. The size bar shows the approximate size of the crystals. For the 

well with a 1:1 ratio of protein to precipitant, the size of the crystal is about 100 𝜇m. For 

the well with a 2:1 ratio of protein to precipitant, the size of the crystal is about 200 𝜇m.  

 

The sample image was taken of this batch. Compared to the image of two batches of EV-

D68 2AC107A samples, it’s obvious that the first batch of the sample had a bright yellow 

color. Additionally, an experiment was set up to compare the crystallization results for 

these two batches of protein (Figure 3.12). The crystallization condition used for each 

well was 0.05 M Sodium Cacodylate, 10% (v/v) 2-Propanol, 0.005 M Magnesium 

Chloride, 0.005 M Spermine.  

 

The results demonstrate that the first batch sample was not able to produce crystal, while 

the second batch sample could. For the second batch sample, the higher ratio of protein to 
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precipitant wells was more likely to produce crystals, and higher protein concentration 

was pro to yield bigger crystals up to 200 µm and maintain higher reproducibility (Figure 

3.13).  

 

 

Figure 3.12. Images of different batches of EV-D68 2AC107A upon receiving. The yellow 

color of the first batch of samples is obvious on the image. Where else, the second batch 

of samples is transparent, and no apparent color is observed.  
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Figure 3.13. Images of different batches of EV-D68 2AC107A crystallization design and 

results. A) crystallization condition design for two batches of samples. 1st and 2nd indicate 

the batch of protein, 10 mg/ml, 11mg/ml, and 13 mg/ml are the concentrations of 

corresponding protein sample, and the ratio is protein to precipitant.  

 

9. Overall Structure of EV-D68 2A pro, EV-D68 2A C107A, and EV-D68 2A N84T 
 

An EV-D68 2AC107A mutant in which the active site Cys107 was mutated to Ala was 

crystallized at pH 6.5, the optimal pH. The crystal structure was resolved to 2.5 Å with 
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well-defined electron density from residues 4 to 140. There are six protein molecules 

(chains A to F) in the asymmetric unit. The overall structure of all six molecules is very 

similar. The numbers of residues built for different chains are slightly different from 136 

residues to 142 residues. Therefore, the structure analysis is limited to molecule E 

because it has the most residues (142 residues) and also has the best geometry display,s 

so it is representative of all the molecules present in the asymmetric unit. Same as the 

2AC107A, EV-D28 2AN84T is a hexamer in the unite cell and was resolved at 2.6 Å. The six 

chains of 2AN84T have an average length of 142 residues and are highly structural similar. 

So here, we use chain E to perform structural analysis. As of EV-D28 2Apro, the 

resolution of the structure is slightly lower than the previous two, which is 3.5 Å, with 6 

monomeric chains. The chain B of 2Apro was used to perform analysis due to its best 

geometry displays.  

 

EV-D28 2A consists of two domains: An N-terminal domain comprising a four-stranded 

sheet (bI2, cI, eI2, and fI) and a C-terminal domain up of a six-stranded ß-barrel (aII, bII, 

cII2, dII, eII, and fII) with a tightly bound zinc atom. The N-terminal domain is linked to 

the C-terminal domain by a long inter-domain loop (residues 43-56). Within the N-

terminal domain, a helical turn (residues Ile22-Ser27) connects cI to eI2. In the C-

terminal domain, an antiparallel ß-hairpin formed by the bII2 and cII1 strands is located 

next to the six-stranded ß-barrel. (Figure 3.2a) Furthermore, this ß-hairpin also makes 

close contact with residues from the N-terminal domain. Three highly conserved 

residues, His18, Asp36, and Cys107 (mutate to Ala in this structure), were found in EV-

D68 2Apro, and from all enteroviruses (Figure 3.2c).  Besides, four conserved residues, 
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Cys53, Cys55, Cys113, and His115, make up the zinc ion-binding site (Figure 3.14c). 

The structure of EV-D68 2AC107A, EV-D28 2AN84T, EV-D28 2Apro are similar (Figure 

3.2b and 3.2c). 

 

 

Figure 3.14 Analysis of the EV-D68 2Apro a) The amino-acid sequences of 2Apro from 

human Enterovirus D68 (EV-D68),  human rhinovirus serotype 2 (HRV2-2A), human 

enterovirus 71 (EV71), coxsackievirus A16 (CVA16) and human rhinovirus C15 (HRV-

C15) were aligned using Clustal Omega. (Madeira et al., 2019), and the result of the 

alignment was graphically displayed using ESPript (Gouet et al., 1999). Secondary-

structure elements are indicated according to the structure of 2Apro from EV-D68. b) The 

catalytic triad of EV-D68 2AC107A is located beneath the bII2–cII1 loop. The active-site 

residues are shown as sticks. The active site Cys107 was mutated to Ala. c) A tetrahedral 

coordination site for the zinc ion in the EV-D68 2AC107A structure. 
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3.5 Discussion 

1. Comparison with other enterovirus 2AC107A structures 
 
The overall structure of EV-D68 2AC107A shares a high degree of structural similarity 

with the 2Apro proteins (Figure 3.15a), as well as sequence identities with EV71 (49%), 

HRV-C15 (40%), and CVA16 (49%) (NCBI standard protein BLAST). The structure of 

EV-D68 2AC107A could be superimposed onto the structure of EV71 2AC107A with an 

overall r.m.s.d. (root-mean-square deviation of atomic positions) of 1.035 Å (Figure 

3.15b).  Similarly, an overall r.m.s.d. of 0.955 Å was observed when the structure of EV-

D68 2AC107A was overlaid onto the structure of 2Apro from CVA16 (Figure 3.15c), which 

is the main factor related to human hand-foot-and-mouth disease (HFMD).  The N-

terminal domain of EV-D68 2AC107A is very similar to that observed in EV71 2Apro, 

except for some minor differences in the flexible loops' orientations (Figure 3.15b). 

Compared to EV71 2Apro, the EV-D68 2AC107A possesses a longer bII1 and bII2 ß-strand. 

The a-helix connecting cI to eI2 in EV-D68 2AC107A move outwards compared to that in 

the EV71 2Apro structure.  The active site and the Zn2+ binding site are highly conserved 

between the two structures (Figure 3.15e). 

 

The N-terminal domain of EV-D68 2AC107A differs more than the C-terminal domain 

compared with the structure of CVA16 2AC107A (Figure 3.15c). The orientation of C-

terminal loops presents a noticeable difference between these two structures. Compared 

to CVA16 2Apro, all four ß-strands in N-terminal in EV-D68 2AC107A are shorter than 

those in CVA16 2Apro. Regarding the C-terminal structure, EV-D68 2AC107A presents a 
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longer bII1 ß-strand, a longer bII2 strand, and a longer dII ß-strand. Except for 

connecting by loop, there is an extra a-helix between cII and dII. 

 

The overall r.m.s.d. between the crystal structure of 2Apro from EV-D68 and HRV-C15 is 

1.217 Å, which is higher than the r.m.s.d. across the crystal structures of EV-D68 

2AC107A and CVA16 2Apro (Figure 3.15d). When compared with the HRV-C15 2Apro 

sequence, the N-terminal of EV-D68 2AC107A processes two additional residues (Glu23 

and Glu24). This region forms an a-helical structure in EV-D68. A loop occupies the 

corresponding region in HRV-C15 2Apro. The C-terminal of EV-D68 2AC107A also differs 

when compared to the structure of HRV-C15 2Apro. Notably, the bII ß-strand is super 

long in HRV-C15 2Apro. In contrast, in the EV-D68 2AC107A structure, a longer bII1 ß-

strand is connected to a shorter bII2 ß-strand by a short loop. 
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Figure 3.15. Comparison of the structure of EV-D68 2Apro with homologous structures. 

a) Superimposition of 2Apro homologs. Structures are shown as ribbons. 

b) Superimposition of the structure of EV-D68 2Apro (shown in orange) with the structure 
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of EV71 2Apro (shown in yellow). c) Superimposition of the structure of EV-D68 2Apro 

(shown in orange) with the structure of CVA16 2Apro (shown in purple). d) 

Superimposition of the structure of EV-D68 2Apro (shown in orange) with the structure of 

HRV-C15 2Apro (shown in blue). e) Superimposition of the Zn binding sites of EV-D68 

2Apro (shown in orange) with corresponding sites in the structure of EV71 2Apro (shown 

in yellow), CVA16 2Apro (shown in purple), and HRV-C15 2Apro (shown in blue). 

 

2. Open conformation binding cleft 
 

The surface rendering of EV-D68 2AC017A presents an open cleft, with the active site 

being accessible (Figure 3.16a).  The cleft's width is about 12 Å, which makes the active 

site accessible for substrates. The confirmation of the active site of EV-D68 2AC107A is 

similar to the open conformation of 2Apro observed in the structure of EV71 (Figure 

3.16b) and HRV-C15 (Figure 3.16d), where both of the structure retains the width of the 

cleft about 12 Å. However, the active site His 18 is easier to approach in HRV-C15 2Apro 

compared to EV-D68, which may indicate a higher dynamic for a different binding 

substrate. The open cleft conformation promises the interaction between the active site on 

EV-D68 2AC107A and different substrates. 
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Figure 3.16. Open cleft conformation for substrate binding. a) Surface rendering of EV-

D68 2Apro shows an open cleft, with the active site being accessible. The width of the 

cleft is about 12 Å and is mainly estimated from a distance between Glu82 and Gly126 

and the distance between Tyr86 and Ala104. b) Surface rendering of EV71 2Apro shows 

an open cleft, with the active site being accessible. The width of the cleft is about 12 Å 

and is mainly estimated from a distance between Glu85 and Asn129 and the distance 

between Tyr89 and Pro107. c) Surface rendering of CVA16 2Apro shows an open cleft, 

with the active site being accessible. The width of the cleft is about 10 Å and is mainly 

estimated from a distance between Glu85 and Asn129 and the distance between Tyr89 

and Pro107. c) Surface rendering of HRV-C15 2Apro shows an open cleft, with the active 
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site being accessible. The width of the cleft is about 12 Å and is mainly estimated from a 

distance between Glu80 and Asp124 and the distance between Tyr84 and Pro102. 
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CHAPTER 4 

Structural Study Interactions of the Leukocyte Integrin ⍺Mβ2 with Cationic Ligand 

 

4.1 Abstract  

Integrins are important adhesion receptors that are associated with various vital cellular 

functions. Integrin ⍺Mβ2 is an integrin that involves in immunological processes via cell 

extravasation, phagocytosis, and immune synapse formation, so it is necessary to 

understand the molecular ligand-binding mechanism and activation mechanism of ⍺Mβ2. 

Pleiotrophin was proved to be a cationic ligand to ⍺Mβ2 via the specific binding sites 

involving the I domain on ⍺Mβ2. The preliminary crystallization condition and initial 

structural model of ⍺Mβ2-I domain in complex with pleiotrophin have been reported in 

this chapter, shedding light on the binding sites and guiding the crystallization 

optimization to get a complete and high-resolution structure in the future.  

 

4.2 Introduction  

Integrins are cell surface adhesion receptors composed of two non-covalently associated 

ab heterodimers that play vital roles in lots of cellular functions, such as cell 

differentiation, cell adhesion, cell migration, and immune response (Hynes, 1992). Both 

integrin ab subunit formed by a large multicomponent extracellular domain, a single 

membrane-spanning helix, and a short unstructured cytoplasmic tail (Shen, 2020). The 

major ligand-binding site of integrin was believed to be the α I-domain or von Willebrand 

factor A-type domain, which exist on half of the integrin a-subunits extracellular region 

as an inserted domain (KAMATA & TAKADA, 1994; MICHISHITA et al., 1993; 
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TUCKWELL et al., 1995).  The homologous β I-domain will be the alternative ligand-

binding site if no α I-domain exists in an integrin (Mould et al., 1997). Thus, it’s 

necessary to understand the interaction between the integrin and ligand to reveal the 

mechanism of integrin activity.  

 
Integrin ⍺Mβ2 is an integrin with the α I-domain, expressed on leukocytes like the 

myeloid, natural killer, and T cells (Shen, 2020). ⍺Mβ2 is associated with many 

immunological functions, including cell extravasation, phagocytosis, and immune 

synapse formation (Kinashi, 2007), so it’s very important to study the molecular ligand-

binding mechanism and activation mechanism of ⍺Mβ2. As mentioned before, the αM I-

domain is related to integrin activation (Shen, 2020). The previously solved structure of 

αM I-domain shows that there are 6 b sheets surrounded by 7 a-helixes linked by flexible 

loops, which formed a classic dinucleotide binding or Rossmann fold (J. O. Lee et al., 

1995). The ligand-binding site named metal ion-dependent adhesion site (MIDAS) is 

lying on the top face of the αM I-domain (αMId).  

 

Pleiotrophin (PTN) is a glycosaminoglycan-binding cytokine and growth factor with 

potent mitogenic and angiogenic activities (Shen, 2020). PTN has been proved to be 

associated with several significant physiological activities, such as injured tissue repair 

and regeneration (Perez-Pinera et al., 2008), maintenance of hematopoietic stem cells 

(Himburg et al., 2012), inflammation, and leukocyte recruitment (Ochiai et al., 2004; 

Yokoi et al., 2012). There are several proteins that have been studied as the receptor of 

PTN, such as the heparan sulfate proteoglycan (HSPG) N-syndecan and the chondroitin 
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sulfate proteoglycan receptor-type protein tyrosine phosphatase ζ (PTPRZ) (Maeda et al., 

1996; Meng et al., 2000; Raulo et al., 1994). It’s recently been discovered that ⍺Mβ2 is a 

receptor of PTN (Shen, 2020). The interaction between ⍺Mβ2 and PTN was initially 

accessed by the ability of Mac- 1-HEK293 to adhere to immobilized PTN, where 

demonstrates the fact that both HSPG and Mac-1 can act as receptors for PTN and 

confirmed by solution NMR spectroscopy (Shen, 2020). Additionally, the IC-21 cells 

adhesion assay was used to investigate the interaction of PTN-⍺Mβ2 in immune cells. The 

little effect of heparin on the adhesion of IC-21 suggests that the surface of IC-21 cells 

largely contributes to the interaction with PTN (Shen, 2020). The binding domain on 

⍺Mβ2 responsible for the interaction was determined to be the I-domain by using the 

biolayer interferometry (BLI). The binding affinity of PTN of soluble active αMId is 1.2 ± 

0.2 μM, higher than that of inactive αMId (Shen, 2020). The presence of EDTA merely 

decreased the binding of active αMId, suggesting that the interaction is independent of the 

presence of Mg2+ (Shen, 2020). This study also revealed that the thrombospondin type-1 

repeat (TSR) domains of PTN are involved in binding integrin αMId (Shen, 2020). Here 

we report the preliminary crystallization condition of the PTN-αMId complex and propose 

an initial structure model with a 4.0 Å resolution that provides a closer understanding of 

PTN-αMId interaction and shed light on solving this complex structure in the future.  

 

4.3 Materials and Methods 

1. Materials and Instruments   

Commercialized crystallization screens PEG/Ion HT (HR2-139), Index HT (HR2-134), 

Crystal Screen HT (HR2-130), and Natrix HT (HR2-131) were purchased from Hampton 
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Research. High-throughput crystallization robot Crystal Gryphon was purchased from Art 

Robbins Instruments. Crystallization plate storage and inspection robot Rigaku was 

purchased by Petra Fromme Group and was shared with the whole entire Biodesign 

center Center of Applied Structure Discovery (BCASD).  

Protein samples were overexpressed and purified by Di Shen and Thi Thanh Hoa from 

Dr. Xu Wang’s lab at Arizona State University.  

 

2. First-round of crystallization screening  

αMId -PTN complex sample was obtained in a buffer solution (20 mM HEPES pH 7.0, 

300 mM NaCl, 1 mM MgCl2), on ice, at 7.5 mg/ml. The protein solution was centrifuged 

at 16,000g for 10 min before setting up crystallization. It was sitting on ice if possible 

since it’s easy to crash out at 20 °C. 6 commercialization screens were tested (Table 4.1). 

 

Table 4.1 

First-round aMId-PTN crystallization screening 

Sample Concentration Protein: Precipitant Screen 

αMId-PTN 7.5 mg/ml 

 

2:1 in subwell1 

 

1:1 in subwell2  

 

HR2-139 PEG/ION HT 

HR2-134 Index HT 

HR2-131 Natrix HT 

HR2-137 MembFac HT 

HR2-248 Grid Screen Salt HT 

HR2-130 Crystal Screen HT 
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For each well of the plate, 200 nL protein and 100 nL precipitant solution were dispensed 

in subwell1, and 100 nL protein and 100 nL precipitant solution were dispensed in 

subwell2. All screens were incubated in 12 °C storage, and images were taken by Rigaku.  

 

3. Second-round of crystallization screening  

αMId-PTN complex sample was obtained in a buffer solution (20 mM HEPES pH 7.0, 130 

mM NaCl, 1 mM MgCl2), on ice, at 10.0 mg/ml. The protein solution was centrifuged at 

16,000g for 10 min before setting up crystallization. It was sitting on ice if possible since 

it’s easy to crash out at 20 °C. 6 commercialization screens were tested (Table 4.2). 

 

Table 4.2 

First-round aMId-PTN crystallization screening  

Sample Concentration Protein: Precipitant Screen 

αMId-PTN 10.0 mg/ml 

 

2:1 in subwell1 

1:1 in subwell2  

 

HR2-139 PEG/ION HT 

HR2-134 Index HT 

HR2-131 Natrix HT 

HR2-248 Grid Screen Salt HT 

HR2-130 Crystal Screen HT 

 

For each well of the plate, 200 nL protein and 100 nL precipitant solution were dispensed 

in subwell1, and 100 nL protein and 100 nL precipitant solution were dispensed in 

subwell2. All screens were incubated in 4 °C storage, and plates were checked manually.  
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4. Third-round of crystallization screening  

αMId-PTN complex sample was obtained in a buffer solution (20 mM HEPES pH 7.0, 130 

mM NaCl, 1 mM MgCl2), on ice, at 10.0 mg/ml. The protein solution was diluted with 

the same volume of buffer and then was centrifuged at 16,000g for 10 min before setting 

up crystallization. It was sitting on ice if possible since it’s easy to crash out at 20 °C. 5 

commercialization screens were tested (Table 4.3). 

 

Table 4.3 

Third-round αMId -PTN crystallization screening  

Sample Concentration Protein: Precipitant Screen 

αMId-PTN 10.0 mg/ml 

 

2:1 in subwell1 

1:1 in subwell2  

 

HR2-139 PEG/ION HT 

HR2-134 Index HT 

HR2-131 Natrix HT 

HR2-137 MembFac HT 

HR2-248 Grid Screen Salt HT 

HR2-130 Crystal Screen HT 

 

For each well of the plate, 200 nL protein and 100 nL precipitant solution were dispensed 

in subwell1, and 100 nL protein and 100 nL precipitant solution were dispensed in 

subwell2. All screens were incubated in 12 °C storage and images were taken by Rigaku.  
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5. First-round of crystallization optimization  

αMId-PTN complex sample was obtained in a buffer solution (20 mM HEPES pH 7.0, 300 

mM NaCl, 1 mM MgCl2), on ice, at 10.0 mg/ml. The protein sample was divided into 

two aliquots. The first aliquot was diluted with the same volume of buffer, which kept the 

300 mM NaCl. The second aliquot was diluted with the same volume of the buffer 

without NaCl, which made the concentration of NaCl drop to 150 mM. Then samples 

were centrifuged at 16,000g for 10 min before setting up crystallization. Three 

optimization screens (Table 4.4) were designed based on the previous crystallization 

condition, which contained 0.1 M Potassium chloride, 0.025 M Magnesium chloride 

hexahydrate, 0.05 M Sodium cacodylate trihydrate pH 6.0, and 15% v/v 2-Propanol.  

 

Table 4.4 

Optimization screens for first-round αMId-PTN crystallization optimization 

Sample Concentration Protein: Precipitant Screen 
αMId-PTN 5.0 mg/ml 

 
2:1 in subwell1 
1:1 in subwell2  
 

OPT-aM-1 

OPT-aM-2 

(300 mM 
NaCl) 
 

  
OPT-aM-3 

αMId-PTN 5.0 mg/ml 
 

2:1 in subwell1 
1:1 in subwell2  

OPT-aM-1 

   OPT-aM-2 

(150 mM 
NaCl)   OPT-aM-3 

 

The detailed composition of each screen was deployed as follows (Figure 4.1 and 4.2). 

For OPT-aM-2, it was used as additive optimization; thus, each well contained the 
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original condition (except for spermine) plus 10 µl additives from the Additive Screen 

(Hampton Research HR2-428). All screens were incubated in 12 °C storage and images 

were taken by Rigaku.  

 

 

Figure 4.1. OPT-αM-1. Crystallization condition details of each well on OPT-aM-1. This 

screen was used to optimize the concentration of potassium chloride (0-0.5 M) and 

magnesium chloride (0-0.1 M). The concentration of sodium cacodylate pH6.0 was 

constant in each well of 0.05 M, and the concentration of 2-propanol was constant in each 

well of 15% v/v. The image was created by the screen-making robot Scorpion. The 
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“potassium sulfate” on the image represents “potassium chloride” because “potassium 

chloride” was not included in the robot database.  

 

 

Figure 4.2. OPT-αM-3. Crystallization condition details of each well on OPT-aM-3. This 

screen was used to optimize the concentration of 2-propanol (0-30% v/v.). The 

concentration of sodium cacodylate pH 6.0 was constant in each well of 0.05 M and the 

same as potassium chloride of 0.1 M and magnesium chloride of 0.025 M. The image 

was created by screen making robot Scorpion. The “potassium sulfate” on the image 
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represents “potassium chloride” because “potassium chloride” was not included in the 

robot database.  

 

6. Second-round of crystallization optimization 

αMId-PTN complex sample was obtained in a buffer solution (20 mM HEPES pH 7.0, 300 

mM NaCl, 1 mM MgCl2), on ice, at 10.0 mg/ml. The protein sample was diluted with the 

same volume of the buffer without NaCl, which made the concentration of NaCl drop to 

150 mM. Then the sample was centrifuged at 16,000g for 10 min before setting up 

crystallization. Five optimization screens (Table 4.5) were designed based on the 

previous crystallization condition of the first round of optimization. The detailed 

crystallization conditions were described as follows (Figure 4.3-4.7) 

 

Table 4.5 

Optimization screens for second-round aMId-PTN crystallization optimization 

Sample Concentration Protein: Precipitant Screen 
αMId-PTN 5.0 mg/ml 

 
2:1 in subwell1 
1:1 in subwell2  
 

OPT-aM-4 

OPT-aM-5 

   OPT-aM-6 

   OPT-aM-7 

   OPT-aM-8 
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Figure 4.3. OPT-αM-4. Crystallization condition details (in µl) of each well on OPT-aM-

4. This screen was used to optimize the concentration of sodium cacodylate pH 6.0 

(0.0125 M-0.075 M), potassium chloride (0.025 M-0.1 M), and spermine 

tetrahydrochloride (0.005 M-0.0125 M). 
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Figure 4.4. OPT-αM-5. Crystallization condition details (in µl) of each well on OPT-aM-

5. This screen was used to optimize the concentration of sodium cacodylate pH 6.0 

(0.0125 M-0.075 M), potassium chloride (0.025 M-0.1 M), and sarcosine (0.005 M-

0.0125 M). 
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Figure 4.5. OPT-αM-6. Crystallization condition details (in µl) of each well on OPT-aM-

6. This screen was used to optimize the concentration of sodium cacodylate pH 6.0 

(0.0125 M-0.075 M), potassium chloride (0.025 M-0.1 M), and betane hydrochloride 

(0.005 M-0.0125 M). 
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Figure 4.6. OPT-αM-7. Crystallization condition details (in µl) of each well on OPT-aM-

7. This screen was used to optimize the concentration of sodium cacodylate pH 6.0 

(0.0125 M-0.075 M), potassium chloride (0.025 M-0.1 M) and methanol (1.5%-3.75% 

v/v). 
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Figure 4.7. OPT-αM-8. Crystallization condition details (in µl) of each well on OPT-aM-

8. This screen was used to optimize the concentration of sodium cacodylate pH 6.0 

(0.0125 M-0.075 M), potassium chloride (0.025 M-0.1 M), and methanol (0.005 M-

0.0125 M). 

 

7. Data collection and initial model building 

The crystals of αMId-PTN were transferred into a mother liquor solution containing 40% 

of glycerol as a cryoprotectant and were incubated for 10 min under 20 ºC before flash 

freezing in liquid nitrogen for data collection. X-ray diffraction data were collected 
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remotely at the Argonne Advanced Photon Source (GM/CA) beamline 23-ID-B on a 

Dectris Pilatus3-6M detector. 

 

Single crystal diffraction data were processed by the JBluIce data processing pipeline 

named GMCAproc, and the space group was determined to belong to P1211. Then, the 

phase of aMId-PTN was determined using molecular replacement (MR) by the program 

Phaser-MR on the Phenix (Adams et al., 2010). The crystal structure of the human 

Integrin CR3 I-domain (PDB code: 1IDO) and human pleiotrophin (PDB code: 2N6F, 

truncated as C-terminal-domain) were used as the search model. The model was further 

refined by multiple rounds of phenix.refine, followed by Real-space refinement in the 

Phenix suite (highest resolution was adjusted to 4.0 Å during refinement).  

 

4.4 Results 

1. First-round crystallization screening  

Protein crashed out or precipitated in most of the wells (Figure 4.8), which is consistent 

with the fact that αMId-PTN is temperature sensitive and easy to crash out. No promising 

crystal was observed.  
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Figure 4.8. Sample brightfield image of first-round crystallization screening.  

 

2. Second-round crystallization screening 

Similar observations of heavy protein precipitation in most of the wells. Due to the 

instability of protein and ease of precipitation at high concentrations, lower protein 

concentrations would be tested in the next round.   

 

3. Third-round crystallization screening 

Crystals were observed (Figure 4.9A) in the condition with 0.1 M Potassium chloride, 

0.025 M Magnesium chloride hexahydrate, 0.05 M Sodium cacodylate trihydrate pH 6.0, 

and 15% v/v 2-Propanol. Crystals diffracted up to 4 Å.  
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Figure 4.9. Result of third-round crystallization screening. A. Brightfield image of 

crystals for the first-round crystallization screening. B. Diffraction image of single 

crystals. 

 

4. First-round crystallization optimization 

Crystals were observed in this round of crystallization optimization, and bigger crystals 

were found in five conditions with additives as well as 150 mM NaCl. Besides 

composition of original crystallization condition, condition A contained 0.005 M 

Spermine tetrahydrochloride; condition B contained 0.005 M Sarcosine; condition C 

contained 0.1 M Betaine hydrochloride; condition D contained 0.005 M Spermidine; 

condition E contained 1.5% v/v Methanol. 

 

Crystals were harvested and sent for diffraction experiments. This batch of crystals 

diffracted better compared to the last batch with more diffraction spots and higher 

resolution up to 3.5 Å.  
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Figure 4.10. Result of first-round crystallization optimization. A-E shows the brightfield 

crystal images found in different conditions. F shows the diffraction pattern of crystals.  

 

5. Second-round crystallization optimization 

Biggest crystals were observed in three conditions: A. (OPT-aM-4) 0.0125 M Sodium 

Cacodylate pH6.0, 0.05 M Potassium Chloride, 0.025 M Magnesium Chloride, 15% v/v 

2-propanol and 0.001 M Spermine tetrahydrochloride (Figure 4.11A). B. (OPT-aM-5) 

0.025 M Sodium Cacodylate pH6.0, 0.05 M Potassium Chloride, 0.025 M Magnesium 

Chloride, 15% v/v 2-propanol and 0.005 M Sarcosine (Figure4.11B). C. (OPT-aM-5) 

0.025 M Sodium Cacodylate pH6.0, 0.1 M Potassium Chloride, 0.025 M Magnesium 

Chloride, 15% v/v 2-propanol and 0.0075 M Sarcosine (Figure 4.11C).   
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Figure 4.11. Result of second-round crystallization optimization. A-C show the 

brightfield crystal images found in different conditions.  

 

6. αMId-PTN complex structural model 

The complex of αMId-PTN was crystallized at pH 6.0, the optimal pH. The structural 

model was built to 4.0 Å from residues 132 to 315 of αMId and residues 66-110 of PTN. 

There are two αMId molecules (chains A and B) and one PTN molecule (chain C) in the 

asymmetric unit (Figure 4.12A). The overall structures of the two αMId molecules are 

very similar. There is no obvious electron density for the C-terminal flexible loop region, 

so the model was only built up to residue 110.  

The C-terminal TSR domain of PTN poses closely to the MIDAS domain on the αMId 

(Figure 4.12B), which is consistent with the hypothesis that the TSR and MIDAS are the 

major binding sites. No metal ion was observed in this structural model.  
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Figure 4.12. Structural model of the αMId-PTN complex. A shows the overall structural 

model. B shows the structural detail with a close look at the MIDAS domain where the 

sticks highlight the metal coordinating residues. The chains colored with green are the 

αMId molecules, and the chain colored with orange is the PTN molecule.  

 

4.5 Discussion 

Although PTN was proved to be a novel ligand of integrin αMIdand, the hypothesized 

major binding sites are the TRS of PTN and the MIDAS on αMId. However, due to the 

limitation in the active αM I-domain’s spectral quality, not all the peaks for the active 

αMId can be assigned in the HSQC spectrum (Shen, 2020). Thus, to discover the 

interaction between PTN and ⍺Mβ2 I-domain, a high-resolution structure of the αMId-PTN 

complex is necessary.  

 

 

The crystallization of the αMId-PTN complex was difficult due to the instability of active 

state αMId and the ease of protein precipitate under room temperature. In many cases of 
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soluble protein crystallization, higher protein concentration gives the better possibility to 

grow crystals and yield bigger crystals under the same condition. However, it’s not the 

case for αMId-PTN, where 10 mg/ml of protein failed to grow any crystals and 

precipitated heavily. After many rounds of screening and optimization, the optimal 

crystallization concentration was determined to be 5 mg/ml of αMId with the same molar 

amount of PTN added prior to crystallization. Also, since the instability of the protein, 

the sample needs to be kept on ice, if possible, when set up crystallization to reduce the 

protein precipitation, and the crystallization plates need to be stored at 12 °C for the same 

reason. The current optimal pH of crystallization is 6.0 with 0.0125 M Sodium 

Cacodylate, 0.05 M Potassium Chloride, 0.025 M Magnesium Chloride, 15% v/v 2-

propanol. Two different additives were proved to facilitate the crystal growth, which is 

spermine tetrahydrochloride (0.001M) and sarcosine (0.005 M and 0.0075 M).  

 

Although the size of αMId-PTN complex crystals has been increased with optimization, 

most of the crystals are still smaller than 20 µm which is not very suitable for crystal 

harvest. Besides that, problems such as double lattice and fast crystal diminish persisted. 

To solve these issues, there are two alternatives to try. Firstly, we can continue to 

optimize crystallization conditions, including pH, composition concentration, or discover 

more additives, which may lead to larger crystals with a size of 50 µm, but not 

guaranteed. Larger single crystals will be easier to harvest, which may avoid the double 

lattice issue. Additionally, larger crystals will survive better under radiation damage. The 

other method is to try current crystals with serial femtosecond crystallography (SFX). 

SFX allows thousands of microcrystals to be injected into the synchronized X-ray bunch 
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in random orientation so that enough patterns of various orientations can be collected to 

produce a complete data set for structure determination. The power of the radiation is 

high enough to destroy the crystals immediately in every encounter. The pulse duration 

enables to catch the diffraction patterns before the influence of radiation damage caused 

by scattered photons. Thus, XFELs allow better collections of high-resolution diffraction 

from small crystals compared to synchrotron radiation. The nature of “diffraction before 

destruction” also eliminates the need for cryocooling, which enables collections under 

room temperature that better mimic in vivo environments. The lipidic cubic phase (LCP) 

can be used as the delivery medium because its high viscosity can decrease the flow rate 

with lower sample waste to achieve a higher efficiency of crystal preparation. To prepare 

a sample suitable for SFX, crystallization conditions should be tested with the lipid to 

make sure any of the compositions won’t interfere with the correct phase formation. 

Additionally, the crystallization condition needs to be optimized in a larger volume. At 

least ten to twenty microliters protein samples will be needed to prepare an LCP sample, 

but under current conditions, the crystallization volume is only 100 nl for each well, 

which requires a collection of at least 100 to 200 wells. Optimizing the crystallization 

volume up to 5 µl or trying batch crystallization will make this process easier.  

With all mentioned barriers addressed, it’s promising to solve the complex structure of 

αMId-PTN, which will reveal the mechanism of how PTN interacts with the active state of 

αMId.  
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CHAPTER 5 

SUMMARY AND OUTLOOK 

This thesis is focused on highlighting the significance of protein structures to structural 

based drug discovery. As the most used structure determination method, the extensive 

automation of third-generation synchrotron radiation has allowed high-throughput 

crystallography (Abola et al., 2000; Beteva et al., 2006; Cohen et al., 2002; Muchmore et 

al., 2000).  X-ray crystallography has been upgraded and innovated to overcome major 

limitations. One of the limiting factors is the burden of handling and mounting crystals, 

which has been alleviated by in situ diffractions (Bingel-Erlenmeyer et al., 2011; Gelin et 

al., 2015; Jacquamet et al., 2004; le Maire et al., 2011) and automated crystal harvesting 

(Cipriani et al., 2012; Deller & Rupp, 2014; Yin et al., 2014). Additionally, growing big 

crystals were always a huge challenge for structural biologists until the application of 

micro-focused beams (Smith et al., 2012), which makes data collection possible on 

microcrystals (10-50 µm) or imperfect crystals. Radiation damages, however, were also a 

remaining issue, though it’s been alleviated by cryo‐cooling (Garman, 2010; Garman & 

Owen, 2006). X-ray free‐electron laser (XFEL) enabled serial femtosecond 

crystallography (SFX) eliminated the radiation damage to the largest extent by the 

application of “diffract before destroy” (Chapman et al., 2011). The SFX allows 

microcrystals to be delivered through a viscous medium to an injection device and shot 

only once by a femtosecond-paused X-ray beam, leading to room‐temperature, radiation‐

damage‐free structures. 
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Despite the development of X-ray crystallography as a dispensable tool for structural 

based drug discovery, there are still sources of failure in generating crystals or structures 

of target complexes. The first and most obvious one is the high attrition rate in early 

experimental steps, including protein production, purification, and crystallization. In this 

case, computational tools might be a potential helper in selecting protein targets, 

designing protein constructs, and suggesting crystallization conditions based on protein 

sequences. Even though scientists managed to get the crystals of target the protein, it 

might still be difficult to get the crystals of the desired complex, just like the case of EV-

D68 2A protease mentioned in this thesis. Additionally, the mixture of free protein and 

protein in complex in the crystal may also cause poor electron density, which makes it 

hard to fit the ligand into the structure. Thus, it is critical to use the right method to obtain 

the co-crystals and deicide what solvent to use to help the ligand solubilize and be 

compatible with the native state of the protein.  

 

The first structure of EV-D68 2A protease was reported in this thesis, as well as the 

structure of its two mutants, 2AN84T and 2AC107A.  The 2Apro was proved to be the popular 

drug target for EV-D68 infection associated with acute flaccid myelitis, which arose 

concerns on global health significantly, yet no treatment is accessible. The crystallization 

conditions of the 2Apro and two mutants are quite similar due to their high similarity, and 

all of them adopt a structure of an N-terminal domain comprising a four-stranded sheet 

and a C-terminal domain made up of a six-stranded ß-barrel with a tightly bound zinc 

atom. The structure of 2Apro is like the structures of other enterovirus 2A with a sub-one 

angstrom r.m.s.d. All three solved structures were crystallized in apo, and no condition 
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was found so far to grow complex crystals with a ligand. The reason might be the adding 

of ligand significantly changed the protein conformation; thus, original crystal packing 

would not fit anymore, so more crystallization condition screening is needed to dig out 

the optimal condition for complex crystals. The second route, other than co-

crystallization, is soaking, where the apo crystals can be incubated with crystallization 

precipitant containing an appropriate amount of ligand. The potential pitfall of soaking is 

the original crystallization condition may not be compatible with the ligand, meaning the 

affinity of the ligand could be decreased.  To increase the possibility of obtaining a 

complex structure, we will continue to test both co-crystallization and soaking in parallel. 

 

The preliminary crystallization condition of the αMId-I domain in complex with 

Pleiotrophin was reported in this thesis, as well as the initial structural model. The 

journey of obtaining this complex crystal was long and difficult. Unlike other common 

soluble proteins, this complex crystalized better under lower concentration than higher 

and required some extra caution to keep in 12°C to reduce the possibility of precipitation. 

After rounds of crystallization optimization, the size of crystals (10 µm or even smaller) 

is still not satisfying the need to harvest the single crystal for data collection, and even 

diffractable crystals failed to tolerate radiation damages and diminished fast. Even though 

with an incomplete dataset, the initial structural model with built after many tries of 

figuring out the right data processing strategy. The space group of the αMId-PTN complex 

was determined to belong to P1211. The initial model is composed of two monomers of 

αMId with a single molecule of PTN lying on top. The C-terminal TSR domain of PTN 

poses closely to the MIDAS domain on the αMId, which is consistent with the hypothesis 
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that the TSR and MIDAS are the major binding sites(Shen, 2020). Further analysis of a 

complete and high-resolution structure of the αMId-PTN complex is essential to uncover 

the mechanism of how PTN interacts with the αMId. With the preliminary crystallization 

condition and the initial model, it’s only a matter of time to obtain the atomic structure of 

the complex.  
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APPENDIX A 

[REFERENCFE LIST OF TABLE 2.2]  
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Year Protein PDB ID Reference  
2013 5-HT2B 4NC3 (W. Liu et al., 2013) 
2014 δ-OR 4RWD (Fenalti et al., 2015) 
2014 SMO 4O9R (Weierstall et al., 2014) 
2015 AT1R 4YAY (Haitao Zhang et al., 2015) 
2015 rhodopsin 4ZWJ (Kang et al., 2015) 
2016 OX2R 5WS3 (Suno et al., 2018) 
2017 GCGR 5XEZ (Haonan Zhang et al., 2017) 
2017 AT2R 5UNG, 5UNF (Haitao Zhang et al., 2017) 
2017 SMO 5V56,  (X. Zhang et al., 2017) 
2018 MT2 6ME7, 6ME6, 6ME9, 6ME8 (Johansson et al., 2019) 
2018 MT1 6ME3, 6ME2, 6ME5, 6ME4 (Stauch et al., 2019) 
2018 EP3  6M9T (Audet et al., 2019) 
2019 MT1 6PS8 (Ishchenko et al., 2019) 
2019 CysLT1R 6RZ5 (Luginina et al., 2019) 
2019 β2AR 6PS1, 6PS4, 6PS3, 6PS6, 6PS0, 6PRZ, 6PS5 (Ishchenko et al., 2019) 
2019 A2AAR 6PS7 (Ishchenko et al., 2019) 
2020 D2R 7DFP (Im et al., 2020) 

 

Year Protein PDB ID Reference  
2014 PS II 4PBU (Kupitz et al., 2014) 
2016 PS II 5TIS, 5KAF, 5TIS  (Young et al., 2016) 
2016 PS II 5KAI (Young et al., 2016) 
2016 PS II 5GTH, 5WS6, 5WS5, 5GTI (Suga et al., 2017) 

2016 bR 
5B6Z, 5B6Y, 5B6V, 5B6X, 5B6W, 5H2P, 5H2O, 
5H2H, 5H2J, 5H2I, 5H2L, 5H2K, 5H2N, 5H2M  (Nango et al., 2016) 

2018 bR 

6GAH, 6GAA, 6GAC, 6GAB, 6GAE, 6GAD, 
6GAG, 6GAF, 6GA9, 6GA8, 6GA1, 6GA3, 
6GA2, 6GA5, 6GA4, 6GA7, 6GA6, 6RMK (Nass Kovacs et al., 2019) 

2018 bR 6G7I, 6G7H, 6G7K, 6G7J, 6G7L (Nogly et al., 2018) 
2019 KR2 6TK6, 6TK5, 6TK7, 6TK2, 6TK1, 6TK4, 6TK3 (Skopintsev et al., 2020) 

2020 PS II 
6W1O, 6W1Q, 6W1P, 6W1R, 6W1U, 6W1T, 
6W1V (Ibrahim et al., 2020) 

2020 BvRC 6ZIA, 6ZID, 6ZI6, 6ZI5, 6ZI9, 6ZI4 (Dods et al., 2021) 
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Year Protein PDB ID Reference  
2014 DgkA 4UYO (Li et al., 2015) 
2017 bCcO 5W97 (Ishigami et al., 2017) 
2019 bCcO 6NKN, 6NMP, 6NMF (Ishigami et al., 2019) 
2017 M2 5TTC (Thomaston et al., 2017) 
2017 M3 5JOO (Thomaston et al., 2017) 
2017 M4 5UM1 (Thomaston et al., 2017) 
2014 PS II 4UB6, 4UB8 (Suga et al., 2015) 
2019 PS II 6JLK, 6JLJ, 6JLM, 6JLL, 6JLP, 6JLO, 6JLN (Suga et al., 2019) 
2015 PS II  5E7C, 5E79 (Ayyer et al., 2016) 

2015 
SR Ca2+-
ATPase 4XOU (Bublitz et al., 2015) 

2016 bR 5B34, 5B35 (Nakane et al., 2016) 
2017 RCvir  5NJ4, 5O4C (Dods et al., 2017) 
2019 hAQP2 6QF5 (Lieske et al., 2019) 
2019 PS I 6PGK (Gisriel et al., 2019) 
2020 A2AAR 6WQA (M.-Y. Lee et al., 2020) 
2020 A2AAR 6LPK, 6LPJ (Ihara et al., 2020) 
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APPENDIX B  

[PERMISSION OF TABLE 1.1]  
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APPENDIX C 

[PERMISSION OF FIGURE 1.2] 
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