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I. Statement of the Problem:
The ribosome is the macromolecular machine that is responsible for the synthesis of proteins in all cells. Ribosomes are composed of ribosomal ribonucleic acids (rRNA) and ribosomal proteins (r-proteins) that work together to build polypeptide chains. The bacterial ribosome is composed of two subunits: the 50S (23S rRNA, 5S rRNA, and associated r-proteins) and the 30S (16S rRNA and associated r-proteins), which combine to form the active 70S ribosome. The peptidyltransferase active site (or peptidyltransferase center, or PTC) of the ribosome is responsible for catalysis of peptide bond formation and is located in the 50S subunit within the 23S rRNA. Substantial evidence has accumulated that it is the RNA component of the ribosome that provides the catalytic mechanism of peptide bond formation. While the available evidence implicates rRNA as the catalyst for peptide bond formation, no convincing demonstration of catalysis in the absence of ribosomal proteins has ever been reported.  
II: Justification for and Significance of the Study.
The ribosome is the highly conserved, macromolecular machine responsible for protein synthesis across all domains of life. Early efforts to dissect the mechanism of the protein synthesis relied on the view of the ribosome as a collection of catalytic protein enzymes organized onto a scaffold of RNA (Fellner, 1974). 
Peptide bond formation is the catalytic step of protein synthesis and involves the nucleophilic attack of the acyl bond of the peptidyl-tRNA bound in the ribosomal P-site by the (-amino group of the aminoacyl-tRNA bound in the ribosomal A-site. This is the fastest step in protein synthesis and accurate rate constants can only be determined using pre-steady state kinetic measurements with a quench-flow apparatus (Rodnina and Wintermeyer, 2003). Once peptide bond formation was found to be catalyzed by the 50S subunit (Traut and Monro, 1964; Rychlik, 1966; Monro, 1967; Madden et al., 1968), reconstitution studies were undertaken to identify the proteins responsible. The Nierhaus laboratory over many years were able to systematically exclude all but proteins L2, L3, L4, L15 and L16 as candidates for the peptidyltransferase enzyme (Schulze and Nierhaus,1982). Early, low-resolution electron micrograph studies also indicated nine ‘core’ proteins, which included L2, L3, L4, L13, L17, L20, L21, L22, and L23, that would allow for the correct ‘compactness’ of the 50S subunit when compared to the fully intact subunit (Gongadze et al., 1986). However, this view of the ribosome became less appealing with the discovery of the central role of RNAs in other biological processes.
Our current understanding of prebiotic evolution, together with decades of experimental evidence, points to the ribosome being a ribozyme, or an RNA-based enzyme (reviewed by Kondratyeva et al., 2022). The 'RNA world hypothesis', originally proposed by Francis Crick and codified by Walter Gilbert, provides a solution to the so-called 'chicken and egg' problem regarding the prebiotic origin of the three macromolecules, DNA, RNA, and protein (Crick, 1970; Gilbert, 1986). While DNA can serve as a repository for genetic information, it is devoid of catalytic power. Proteins by contrast, have a variety of functional groups to serve as catalysts, but lack the capacity for replication. The discovery of catalytic RNAs in the 1980s (Cech et al., 1981; Westheimer, 1986), provides an elegant solution: RNA being capable of both catalysis and replication. The link between the RNA world and the protein world was provided by the primordial ribosome, originally composed exclusively of RNA, with proteins being a later addition, and DNA evolving later still to store large amounts of genetic information as biological life continued to evolve. 
During the 1980s, the idea of a primordial RNA-only ribosome gained support with the accumulation of evidence that rRNA remains central to the mechanism of the modern ribosome. Chemical footprinting revealed interactions between specific nucleotides of rRNA and tRNAs (the substrates for protein synthesis), antibiotics, and protein synthesis factors; (reviewed by Noller, 1991). Genetic studies demonstrated that many of these nucleotide residues are essential for ribosome function (reviewed by Gregory et al., 2001). That these same nucleotide residues have been phylogenetically conserved since the Last Universal Common Ancestor (LUCA) further solidified this concept (reviewed by Bowman et al., 2020; Men et al., 2022), which is now the consensus in the ribosome field.
Perhaps the most significant piece of evidence supporting the concept of the 'ribosome as ribozyme' was the finding that peptidyltransferase activity of ribosomes from a thermophilic bacterium, Thermus aquaticus, is highly resistant to procedures designed to remove proteins (protease treatment and phenol extraction) (Noller et al., 1992). However, subsequent more detailed analysis revealed that a significant amount of protein remained in these treated particles, specifically, stoichiometric amounts of ribosomal proteins L2 and L3
 (Khaitovich et al., 1999), which were later shown by high-resolution structural studies to directly contact rRNA in the PTC (Nissen et al., 2000). These two proteins are a subset of the proteins that Neirhaus found were essential for in vitro reconstitution of peptidyltransferase activity in the 50S subunit. Another study attempted to demonstrate that the 23S rRNA (Nitta et al., 1998a), and more specifically domain V of the 23S rRNA (Nitta et al., 1998b.), had the intrinsic capability to catalyze peptide bond formation in the absence of ribosomal proteins, by performing in vitro transcription of unmodified 23S rRNA in the presence of SDS. These studies purported to show that protein-free 23S rRNA could catalyze the formation of N-acetylphenylalanylphenylalanine (Ac-Phe-Phe) using N-acetylphenylalanyl-tRNAPhe (Ac-Phe-tRNA) and phenylalanyl-tRNAPhe as the substrates (Nitta et al., 1998a-b). However, these papers were later retracted after the catalyzed product was demonstrated to be side-product of the reaction and not Ac-Phe-Phe (Khaitovich et al., 1999b). Subsequent high-resolution structures of the ribosome in complex with a transition state analog, CCdAp-puromycin (the so-called Yarus inhibitor; Welch et al., 1995), clearly demonstrated that only 23S rRNA is close enough to catalyze peptide bond formation, with a particular base, A2451, proposed to act as the catalytic residue (Muth et al., 2000; Nissen et al., 2000). The general acid-base catalytic mechanism proposed in these studies was quickly refuted (Barta et al., 2001; Bayfield et al., 2001; Thompson et al., 2001; Xiong et al., 2001). Subsequent studies demonstrated the importance of the ribosome as an 'entropy trap', whereby the ribosome accelerates peptide bond formation by mere juxtapositioning of the substrates (Sievers et al., 2004). Highly conserved residues in the PTC have also been reported to aid in peptide release as well as peptide bond formation (Youngman et al., 2004). A role for the 2'-OH of aminoacyl-tRNA has also been proposed (Weinger et al., 2004; Brunelle et al., 2008). More recent studies have aimed to bridge the gap between the modern day ribosome and the primordial ribosome by measuring peptide bond formation in vitro using minimal PTC-based RNA scaffolds as catalysts (Xu and Wang, 2021; Bose et al., 2022). Thus, while all evidence consistently implicates rRNA as the catalyst for peptide bond formation, the basis for the apparently absolute requirement for ribosomal proteins in this process remains unclear to this day.
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Figure 1: Secondary structure map of the Thermus thermophilus
23S and 5S rRNA provided by the Harry Noller Lab. Secondary
structure maps of the ribosomal RNA were determined through
co-variation sequence analysis as described in Noller et al., 1981.




Figure 1: Secondary structure map of the T. thermophilus 23S and 5S rRNA ,provided by the Noller Lab, determined through co-variation sequence analysis as described in Noller et al., 1981.
Structural Basis for the Conservation of rRNA Nucleotides in the PTC.

The PTC consists of an RNA internal loop within domain V of the 23S rRNA (figure 1). This five-helix junction includes a number of the most highly conserved nucleotides in biology (figure 2) with up to 100% conservation across all domains of life at a number of these nucleotides (Cannone et. al, 2002). As such, it is the target site for numerous classes of antibiotic inhibitors of peptide bond formation (reviewed by Arenz and Wilson, 2016). Several genetic studies using E. coli as a model system have found that base substitutions at many of these nucleotides produce a dominant-lethal phenotype, consistent with a critical role in protein synthesis (Thompson et al., 2001; Polacek et al., 2003). Such early studies suffer from the need for conditional expression of rRNA in mixed populations with wild-type ribosomes (reviewed by Gregory et al., 2001), or the use of highly engineered E. coli strains (Asai et al., 1999) with abnormal physiology. The nature of the structure of the ribosome active site is a fundamental question in biology. It has implications for the origin of this phylogenetically conserved RNA active site. Such knowledge is a prerequisite for the rational design of novel PTC inhibitors. 
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Figure 2: Secondary structure map of the petidyltransferase
active site indicating percent conservation at single nucleotide
base resolution across all domains of biological life as
described by Robin Gutell’s lab and the Comparative RNA
Project (Cannone et al., 2002).




Figure 2: Secondary structure map of the PTC indicating percent conservation at single nucleotide resolution across all domains of life as described by Robin Gutell’s lab and the Comparative RNA Project (Cannone et al., 2002). 

While the mechanism of ribosome catalysis in protein synthesis has been a highly debated topic throughout the history of the field, the current model purports that the 23S rRNA is solely responsible for catalysis, providing an entropy trap allowing for peptide bond formation (Sievers et al., 2004). Interestingly, base substitutions at highly conserved positions within the PTC are able to confer antibiotic resistance while retaining protein synthesis activity, suggesting that rRNA within the active site is robust to mutation (reviewed by Gregory and Dahlberg, 2004). More interestingly, the functional role of ribosomal proteins in the vicinity of the PTC have been widely investigated in their contributing role to catalysis, though no one has been able to demonstrate, in vivo, a functional PTC devoid of ribosomal protein interactions within the active site. Our current understanding of the modern day PTC presents a quandary that the nucleotide sequence may not be capable of peptidyltransferase activity, nor do we know if the capacity of rRNA to catalyze peptide bond formation was lost upon evolution of ribosomal proteins. This study aims to determine the extent to which the single 23S rRNA nucleotides and ribosomal proteins are required for functional peptidyltransferase activity by investigating individual RNA-RNA and protein-RNA interactions within the modern-day active site. The specific aims of this study are as follows: 
Aim #1: Identify 23S rRNA and uL3 mutations of T. thermophilus conferring antibiotic resistance to tiamulin: a semi-synthetic, pleuromutilin drug.
Aim #2: Define the role of highly conserved RNA-RNA interactions within the peptidyltransferase active site of T. thermophilus by combining single nucleotide substitution mutations to evaluate changes in fitness. 
Aim #3: Investigate key ribosomal protein-RNA interactions between uL2, uL3, uL4, uL16, and bL27 and the 23S rRNA within the peptidyltransferase active site of T. thermophilus.
III. Methodology and Research Design
This study is designed to take place in three phases. The model system used by the Gregory laboratory is the thermophilic bacterium T. thermophilus. The structure of the ribosome from this species has been determined at atomic resolution. Equally important, it is genetically tractable (see below) allowing the structures of mutant ribosomes to be determined. The overall goal of this study is to construct a series of mutants to address basic questions about the structure and function of the ribosome active site.
While antibiotic-resistance mutations have been identified in a number of species, our goal is to combine mutations in a single species with the ability to determine their structures at high resolution.
Phase I. Identification of antibiotic-resistance mutations in the peptidyltransferase active site. 
The goal of this phase is to demonstrate that base substitutions in the PTC of the T. thermophilus ribosome are consistent with those identified in other species, and to generate a collection of mutants in a single species. Utilizing T. thermophilus as a model organism in ribosome structure-function studies provides an advantage over E.coli as it contains only two copies of each rRNA operon and the rate constant of peptide bond formation for E. coli and T. thermophilus are identical at any given temperature, and increase in parallel up until the point where E. coli ribosomes undergo thermal denaturation (Rodriguez-Correa and Dahlberg, 2008). Thermophilic ribosomes are also resistant to phenol protein extraction whereas E. coli ribosomes lose activity (Noller et al., 1992). These observations suggest that the T. thermophilus ribosome has a greater rate constant for peptide bond formation at its optimal growth temperature and is structurally more robust than the E. coli ribosome. This also suggested that the T. thermophilus ribosome would be more robust to mutations in the active site, which indeed has been found to be the case. 
The Gregory lab has previously identified a large number of mutants resistant to macrolides, lincosamides, streptogramin B, and chloramphenicol (Gregory et al., 2005). The pleuromutilins, which includes tiamulin, are inhibitors of peptide bond formation and remains the only major class for which mutants have not been isolated in T. thermophilus. Mutations conferring tiamulin resistance have been found in the 23S rRNA of various species including the E. coli numbered nucleotides 2032, 2055, 2447, 2499, 2504 and 2572 (reviewed by Paukner and Reidl, 2017) and in ribosomal protein uL3 (reviewed by Wilson, 2014). I have completed this initial phase of the proposed research and identified tiamulin-resistance mutations in the rrlA and rrlB genes encoding 23S rRNA at nucleotides G2061, A2451, C2452, U2500, U2504, or in rplC, encoding ribosomal protein uL3 at R149 (Table 1).
Table 1. Spontaneous tiamulin-resistant mutants identified in T. thermophilus.
	Genotype
	Mutation
	Tiamulin Selection
	Temperature

	rplC-R149H
	uL3-R149H
	50 μg/mL
	72 °C

	rplC-R149C
	uL3-R149C
	100 μg/mL
	72 °C

	rrlAB-G2061A
	23S-G2061A
	50, 100 μg/mL
	72 °C

	rrlAB-G2061A
	23S-G2061A
	100 μg/mL
	65 °C

	rrlAB-G2061U
	23S-G2061U
	100 μg/mL
	72 °C

	rrlAB-A2451U
	23S-A2451U
	100 μg/mL
	72 °C

	rrlAB-C2452U
	23S-C2452U
	50 μg/mL
	72 °C

	rrlAB-U2500A
	23S-U2500A
	100, 200 μg/mL
	72 °C

	rrlAB-U2500A
	23S-U2500A
	50 μg/mL
	65 °C

	rrlAB-U2504G
	23S-U2504G
	200 μg/mL
	72 °C


The conclusion thus far from these experiments is that mutations in the active site of the T. thermophilus ribosome do indeed behave in a manner consistent with other species, as expected from the extreme sequence conservation of the active site. Nevertheless, the structural robustness of the thermophilic ribosome allowed the isolation of a mutant containing a base substitution (A2451U). Base substitutions at this position have previously been shown to have dominant lethal phenotypes in E. coli (Thompson et al., 2001). This work has since been published (Killeavy et al., 2020).
Phase II. Experimental evolution to address the nature of rRNA conservation.
Previous efforts by the Gregory lab have led to the identification of mutations in the T. thermophilus PTC (Gregory et al., 2005). Additionally, multiple base substitution mutations have been produced by sequential selection on different antibiotics, leading to double and triple base substitutions in the PTC. One double mutant, C2452U/G2447A is particularly instructive. In the wild-type ribosome C2452 and G2447 are part of a base triple with U2504. Our own findings reveal that the individual mutations C2452U and G2447A each have a substantial growth defect. However, the C2452U/G2447A double mutant does not. As part of this study, our collaborators at Brown University have solved the crystal structure of this double mutant, revealing that a U at 2452 and A at 2447 form an isosteric base triple with U2504 (Figure 3). This stereochemistry explains the lack of growth phenotype of the double mutant. 
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Figure 3: (A.) Wild-type T. thermophilus G2447-C2452-U2504 base triple structure at 3.0Å resolution (PDB entry 4v7w.cif; Bulkley et al., 2010). (B.) Our un-published structure of the T. thermophilus mutant, isosteric base triple at 2.95Å resolution.

As preliminary data, I have conducted experimental evolution of the C2452U mutant. Of eight independent lineages grown continuously for 300 generations, seven reverted to wild-type while the eighth acquired the G2447A substitution, consistent with mutual suppression of the two substitutions. This raises the question of why a U2452-A2447-U2504 base triple has never been observed in nature. Our hypothesis is that the U2452-A2447-U2504 base triple is not within accessible sequence space, due to the fitness valley of either of the individual base substitutions. To assess more quantitatively the growth deficiency of the double mutant, I am conducting growth competition assays (adapted from Wiser and Lenski, 2015) between wild-type and the double mutant.
The goal of this phase is to establish the importance of RNA-RNA interactions within the active site.
Phase III. Construction of a protein-free peptidyltransferase active site.
While convincing evidence exists that peptide bond formation is catalyzed by rRNA, five ribosomal proteins make direct or close contact with rRNA in the active site. These include ribosomal proteins uL2, uL3, uL4, uL16, and bL27 (corresponding to proteins L2, L3, L4, L16 and L27 in the original Berlin nomenclature; figure 4). A ribosomal protein gene deletion study in E. coli also identified these five ribosomal proteins among the group of essential proteins, unable to be deleted from the chromosome and maintain cell viability (Shoji et al., 2011). Protein bL27 is dispensable in E. coli, but its loss produces a subunit assembly defect (Maguire et al., 2005). My own preliminary finding is that bL27 is dispensable in T. thermophilus, but its absence does not produce a severe growth defect. Antibiotic-resistance mutations have been identified in uL2 (Chandler et al., 2012), uL3 (reviewed by Wilson, 2014), uL4 (reviewed by Diner et al., 2009), and uL16 (Adrian et al., 2000; McNicholas et al., 2001) in other organisms. I contributed to a study (Silvia et al. 2021) which identified deletions in uL4 of the thermophilic bacterium Rhodothermus marinus, and my own study identified base substitutions in uL3. All of these mutations are all but certain to disrupt protein-RNA interactions in the active site. These results suggest the possibility that a protein-free PTC might be possible and functional.
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Figure 4: Pymol rendered image of the (A) 50S ribosomal subunit of T. thermophilus highlighting the ribosomal proteins that interact with the PTC and (B) amino acid side chains surrounding the 23S rRNA nucleotides of the PTC (PDB entry 4y4p.cif, Polikanov et. al, 2015). 
To address this hypothesis more systematically, I will use a recently developed CRISPR-Cas9 system adapted for gene editing in T. thermophilus (Adalsteinsson et al., 2021) to make a series of single ribosomal protein mutants. Each mutant will carry a deletion of amino acid residues in the loop or tail that contacts 23S rRNA in the active site (table 2). The advantage of the CRISPR-Cas9 system is that it leaves a marker-less mutation on the chromosome (avoiding the need for linked antibiotic-resistance genes), allowing for the combination of any number of mutations. I will first construct individual mutants, then combine these with the goal of generating a mutant with minimal to no protein-RNA interactions in the active site (table 3).
Our hypothesis is that a protein-free PTC will exhibit increased conformational dynamics. Such effects cannot be observed directly by X-ray crystallography or cryo-electron microscopy (cryo-EM), which show static structures, but can be assessed indirectly by a chemical probing method known by the acronym SHAPE (Selective 2'-Hydroxyl Acylation analyzed by Primer Extension). This method is now standard in the RNA field to examine questions of RNA structural dynamics (Merino et al., 2005). I intend to apply SHAPE to ribosomes containing the ribosomal protein deletion mutants that are viable.
	T. thermophilus
	Deletion Mutation
	# Amino Acids

	uL2
	rplB-ΔG235-R244
	9

	 
	rplB-ΔM226-R244
	18

	 
	rplB-ΔL215-R244
	29

	 
	rplB-ΔG235-K276
	41

	 
	rplB-ΔM226-K276
	50

	uL3
	 

	 
	rplC-ΔN143-V150
	7

	 
	rplC-ΔI141-K152
	11

	 
	rplC-ΔH137-K154
	17

	 
	rplC-ΔN121-G158
	37

	uL4
	 

	 
	rplD-ΔW65-H75
	10

	 
	rplD-ΔK63-K76
	13

	 
	rplD-ΔV65-G82
	17

	 
	rplD-ΔG50-R69
	19

	uL16
	 

	 
	rplP-ΔL79-G84
	5

	 
	rplP-ΔK76-G88
	8

	 
	rplP-ΔK72-V97
	25

	bL27
	 
	 

	 
	rpmA-ΔA2-R14
	12

	 
	rpmA-ΔA2-L21
	19

	 
	rpmA-ΔA2-V30
	28


Table 2: The single ribosomal protein deletion mutants of T. thermophilus designed for this study. Individual mutations will be made to determine viability and then single deletions will be combined with additional r-protein deletions to create a “protein-free” PTC. 
	T. thermophilus
	uL2
	uL3
	uL4
	uL16
	bL27

	minimal “protein-free” PTC
	rplB-ΔG235-R244
	rplC-ΔN143-V150
	rplD-ΔW65-H75
	rplP-ΔL79-G84
	rpmA-ΔA2-R14


Table 3: A potential combination of single r-protein deletion mutations to construct a “protein-free” PTC. The final T. thermophilus strain construct would contain each of the above deletions. 

It is quite possible that a protein-free PTC mutant will not be viable; however, we already know from our studies that protein-RNA contacts involving uL3, uL4, and bL27 are individually dispensable. These preliminary findings suggest some protein-RNA interactions within the PTC are dispensable. Whatever combination of mutations is viable will be examined by SHAPE and provide deeper insight into the conformational dynamics and essential interactions within the PTC. The inability to construct a completely protein-free active site will nevertheless be a significant result with implications for the early evolution of the ribosome active site. Whether a protein-free PTC is possible or not, this study will provide a deeper understanding of ribosome evolution, structure, and function and will advance the field by addressing a longstanding gap in knowledge.  
i. Our model system for ribosome structure-function studies
The Gregory laboratory has established the thermophilic bacterium T. thermophilus as a model system for ribosome structure-function studies. This species has served historically as a source of ribosomes producing crystals that diffract X-rays to high resolution, leading to major breakthroughs that have revolutionized our understanding of ribosome structure and function (reviewed by Yonath, 2001; Ramakrishnan and Moore, 2001; Steitz and Moore, 2003; Polacek and Mankin, 2005; Noller et al., 2005). These include ribosomes in various functional states and in complex with antibiotics (reviewed by Wilson, 2014). 
Simultaneously, T. thermophilus was found to be amenable to genetic manipulation. It is naturally competent for transformation (Koyoma et al., 1986), allowing genetic manipulations including gene knockouts and gene replacements (Hashimoto et al., 2001), and most recently, gene editing using CRISPR-Cas9 (Adalsteinsen et al., 2021). T. thermophilus carries only two copies of each rRNA gene, and strains with single rRNA gene copies have been constructed; mutagenesis of a single chromosomal rRNA gene is readily performed. A multicopy plasmid for expression of genes is also available (Carr et al., 2015).
ii. Base substitutions at universally conserved nucleotides in the peptidyltransferase active site.
Multiple classes of antibiotics act by binding to the PTC (reviewed by Arez and Wilson, 2016). Resistance to such antibiotics can result from base substitutions in the drug binding site. Thus, base substitutions in the active site can be selected for antibiotic resistance phenotypes (Gregory et al., 2005). Many if not most of these substitutions produce severe growth defects, presumably as a direct consequence of defects in ribosome catalytic efficiency. Direct measurements of peptide bond formation rates bear this out (Rodriguez-Correa and Dahlberg, 2008). 
iii. Structure Probing
Chemical probing methods are a staple of the RNA structural biochemist's tool box (Reviewed by Fourmy et al., 2012). This collection of methods is based on the use of chemical reagents that react with solvent-accessible atoms in RNA. This includes base-specific reagents and backbone-specific reagents. Solvent-accessibility is a reflection of the local environment and is influenced by hydrogen bonding interactions between RNA bases or between RNA bases and amino acids in RNA-binding proteins. Changes in solvent accessibility can result from base substitutions or other mutations that perturb these interactions. Modifications are mapped to nucleotide resolution by primer extension by reverse transcriptase (RT). 
iv. High-Resolution Structural Studies
Through ongoing collaborations between the Gregory laboratory and the laboratories of structural biologists Gerwald Jogl (Brown University), Reza Khayat (City University of New York), and Yury Polikanov (University of Illinois, Chicago), we have the ability to determine atomic-resolution structures of mutant ribosomes using X-ray crystallography or cryo-EM. While not essential to the success of the proposed study, such structures will provide an atomic-resolution context for the interpretation of genetic data.
E. Resources Required
The proposed study will be conducted in the laboratory of Steven Gregory, which provides the space, supplies, and equipment needed for this work. The Gregory lab is equipped with three Eppendorf thermocyclers for PCR, incubators for bacterial cultivation, and a variety of equipment for gel electrophoresis of DNA, RNA, or proteins. Cell lysis for ribosome purification is performed using a French Press apparatus provided by the Jodi Camberg laboratory, adjacent to the Gregory laboratory. Ultra-centrifugation for purification of ribosomes and DNA sequencing will be done using the INBRE Core facility located in Avedesian Hall. Visualization of sequencing gels is performed using the Oddyssey instrument also housed in the INBRE Core. Sucrose gradient fractionation of ribosomes from cell lysates are performed using a BioComp Gradient Master in the Kathryn Ramsey lab in Avedisian Hall. Interpretation of genetic and structural data in the context of known ribosome structures is performed using the computer program PyMOL, which is provided by my advisor, Steven Gregory.
The Gregory lab also has the equipment needed to conduct crystallography and for storage of crystals in liquid nitrogen. Diffraction data can be collected at synchrotron at Brookhaven National Laboratory on Long Island.
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