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SUMMARY 

 Chapter 1 is the introduction to the biochemical topics and methods used in this work. 

 Chapter 2 details an in-depth look in the reaction mechanism of the PurK enzyme 

involved in purine synthesis pathway of Bacillus anthracis based x-ray crystallographic findings 

of BaPurK. This work produced several ligand-bound BaPurK structures; of which included the 

first time any PurK structure was solved with bicarbonate in the active site. Two published 

papers on this work are attached in the Appendices section.  

 Chapter 3 focuses on the drastic differences in the purification and solution properties of 

PurC enzymes from Bacillus anthracis and Streptococcus pneumoniae. Although they are 

sequentially very similar the recombinant protein yields differed by more than 10-fold. 

Biophysical methods (CD, fluorescence, and molecular modeling) are employed to suggest that 

the differences in exposed hydrophobic surfaces are the cause of the difference in yield.

 Chapter 4 examines the results of high throughput screening using malachite green, a 

common phosphate detection assay, in effort to find antimicrobials that inhibit the PurC enzyme 

from Bacillus anthracis. A set of hit molecules was obtained from the primary screening. While 

analyzing the data an unusual trend appeared in the controls of the assay, further investigation of 

this occurrence reveals that PurC exhibits substrate-independent ATPase activity and provides 

insights into the reaction mechanism. 
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CHAPTER 1 

 INTRODUCTION 

 1.1 Drug Discovery  

 Since its landmark discovery in the early 1900s, penicillin has edified our understanding 

of combating pathogenic microbes with antibiotics (Miller, 2002).  A plethora of antibiotics are 

available for use but can generally be classified into a few categories such as aminoglycosides, β-

lactams, sulfonamides and tetracyclines (Fig 1.1). From 1940 to the 1960s over 20 new classes of 

antibiotics became available but only two since then have been discovered (Coates et al., 2011). 

Although the rate of discovery of new classes of antimicrobials has been on the wane in recent 

decades, analog development has sustained us in suppressing antibiotic resistant bacteria (Coates 

et al., 2011).  However, this is no longer the case, new classes of antibiotics are needed to 

circumvent the resurgence of resistance to clinically used drugs. Recent studies have “unearthed” 

new possibilities of novel class discovery, by analyzing uncultured bacteria from soil samples 

(Ling et al., 2015). The average time from concept to distribution, of a new antibiotic, takes 12-

15 years with investments potentially exceeding $1 billion (Hughes et al., 2011). Without 

improved methods, sources of funding and manpower, it is expected that we will be out-paced in 

the ongoing battle with disease-causing bacteria. 
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Figure 1.1: A timeline and description of the major classes of antibiotics is shown. Reprinted 

with copyright permission from Compound Interest (Brunning, 2014). 
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1.2 Antibiotic Resistance in Bacteria 

 Microorganisms have long been producing chemical compounds that promote self-

survival by affecting bacterial competitors in their locale (Lax, 2004). Scientists have taken 

advantage of these natural products for years, but over-use of present day antibiotics have made 

bacteria adopt themselves to survive. Maltreatment of antibiotics occurs not only in the clinical 

setting but also in agriculture. Large amounts of antibiotics given to livestock drive mutated 

bacteria to survive in the presence of these drugs, mutated drug-resistant strains are transferred to 

humans by food consumption (Khachatourians, 1998). There are multiple modes of mutations, 

including gene acquisition and spontaneous point mutation (Depardieu et al., 2007). Bacteria can 

acquire genes that produce protein efflux pumps that expel the drug out of the cell, for example, 

or have a single residue of a single enzyme mutated to confer resistance (Walsh, 2000). Survival 

of successive generations of pathogens exposed to drugs is causing a pandemic we have not seen 

since the introduction of antibiotics at the clinical level (Bonhoeffer et al., 1997). More and more 

resistant strains of disease-causing bacteria have surfaced in recent years, including methicillin-

resistant Staphylococcus aureus (MRSA), extensively drug-resistant Mycobacterium tuberculosis 

(XDR TB) and multidrug-resistant Acinetobacter baumannii (MRAB), to name a few (cdc.gov). 

Our ability to combat these resistant organisms relies on proper administration of available 

antibiotics, both medically and agriculturally, and the efforts on the research front. The 

ineffectiveness of current treatment calls for urgent and concerted action from the scientific 

community. 

 1.3 Purine Nucleotide Biosynthesis Pathways 

 Targeting of essential biochemical pathways in bacteria is a common practice in the field 

of drug discovery. The purine nucleotide biosynthesis pathway has long been a keystone in such 
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efforts (Brown and Wright, 2005). Purine synthesis, e.g. adenine and guanine, is necessary for all 

forms of life as they help make up the building blocks of RNA and DNA (Buchanan and 

Hastman, 1959).  Two distinct pathways arise in the formation of nucleotides, the de novo and 

salvage pathways. Each pathway is comprised of multiple enzymes that carry out the synthesis of 

intermediate products (Samant et al., 2008; Murray, 1971). Within the three domains of life there 

are also variances in each individual pathway, which offers highly diverse possible drug targets.  

1.3.1 Salvage Pathway 

 The purine salvage pathway uses two phosphoribosyltransferase enzymes across all three 

domains of life. It is an energy-efficient pathway that recycles hydrolyzed 5’-phosphoribosyl 

pyrophosphate (PRPP) and purine bases to resupply the cell with purine nucleotides.   This 

pathway utilizes the enzymes hypoxanthine-guanine phosphoribosyltransferase (HGPRT) or 

adenine phosphoribosyltransferase (APRT) (Eads et al., 1994) (Fig1.2). Some organisms heavily 

rely on the salvage of exogenous purines to synthesize purine nucleotides (Liechti and Goldberg, 

2012; Stuer-Lauridsen and Nygaard, 1998). Deficiency of these enzymes in humans, has been 

linked to Lesch-Nyhan syndrome (Felix and DeMars, 1969) and kidney disease (Sahota et al., 

1994). The purine salvage pathway is still being explored for viable anti-malarial agents (Keough 

et al., 2015). The necessity of the pathway makes it appealing, but it lacks the diversity of 

enzymes to target, to selectively investigate the affects of antimicrobials on a variety of 

organisms. 
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Figure 1.2: Purine nucleotide salvage pathway. The addition of purine bases to PRPP is carried 

out by APRT (PDB 1ZN9) to recycle AMP or by HGPRT (PDB 1HMP), which reconstitutes 

GMP and IMP. Reaction diagram created in ChemBioDraw Ultra. 
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  1.3.2 de novo Pathway 

 The de novo purine biosynthesis pathway builds the rings of the purine base directly onto 

the phospho-sugar moiety, PRPP, by use of small cellular components such as amino acids and 

carboxylates (Zhang et al. 2008). This pathway has various diverging steps relating directly to 

the host organism’s gene products. The gene products are represented by multiple abbreviations, 

usually to distinguish between eukaryotes and prokaryotes. Eukaryotic and prokaryotic gene 

products are both defined, afterwards the PurX system will be used.  

   1.3.2.1 Eukaryotes 

 In most eukaryotic organisms the de novo pathway is comprised of ten steps carried out 

by six enzymes, some of which are bi- and tri-functional fused gene products (Zhang et al. 2008) 

(Fig 1.3). The six enzymes include (1) phosphoribosylpyrophosphate amidotransferase (PPAT; 

PurF), (2) a tri-functional enzyme constructed of glycinamide ribonucleotide synthetase/ 

glycinamide ribonucleotide formyltransferase/aminoimidazole ribonucleotide synthetase 

(TGART; PurD/PurN/PurM), (3) formylgylcinamidine ribonucleotide synthase (FGAMS; PurL), 

(4) a bi-functional enzyme constructed of carboxyaminoimidazole ribonucleotide 

synthase/succinoaminoimidazolecarboxamide ribonucleotide synthetase (PAICS; PurE/PurC; 

Pur6), (5) adenylosuccinate lyase (ASL; PurB) and (6) a bi-functional enzyme constructed of 

aminoimidazolecarboxamide ribonucleotide transformylase/inosine monophosphate 

cyclohydrolase (ATIC; PurH/PurJ) (French et al., 2013; Zhang et al., 2008). Of recent interest, is 

the possible formation of a large macromolecular assembly called the “purinosome”, in human 

cells, in which these six enzymes can cluster together under certain conditions to function more 

effectively (An et al., 2008; Chan et al., 2015). Due to the instability of many intermediates in 

the pathway it is feasible that enzyme clustering and substrate/product channeling can occur for 
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de novo purine biosynthesis (Castellana et al., 2014). Mutations and up-regulated gene 

expression of multiple enzymes have been characterized in various types of cancer (Keller et al., 

2014; Keller et al., 2012; Marie et al., 2004; Sivendran et al., 2004; Sun et al., 2004; Zaza et al., 

2004; Chassin et al., 1994). 
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 Figure 1.3: Eukaryotic de novo purine nucleotide pathway. This pathway utilizes six gene 

products and ten steps to synthesize IMP from PRPP. Enzymes that are fused and multi-

functional are shown in dashed boxes, with each functional domain shown with different colors. 

(PDB codes used: 1ECB, 1MEN, 2V9Y, 4L78, 2QK4, 2H31, 4FLC, 1P4R). Structures are of 

available human enzymes, except for PPAT and FGAMS, which structurally equivalent bacterial 

orthologs were used. Enzymatic pathway diagram created in ChemBioDraw Ultra. 
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 1.3.2.2 Prokaryotes 

 Most prokaryotic organisms (as well as some lower eukaryotes) utilize 10-13 enzymes to 

carry out 11 steps to create inosine monophosphate (IMP) from PRPP  (Zhang et al. 2008) (Fig 

1.4). The ten enzymes include (1) amidophosphoribosyltransferase (PurF), (2) glycinamide 

ribonucleotide synthetase (PurD), (3) glycinamide ribonucleotide transformylase (PurN)/ and/or 

N-formylglycinamide ribonucleotide synthetase (PurT), (4) formylgylcinamidine ribonucleotide 

synthetase (PurL)/ formylgylcinamidine ribonucleotide synthetase II (Gram-positve bacteria use 

two additional gene products PurL+PurQ+PurS), (5) aminoimidazole ribonucleotide synthetase 

(PurM), (6) N
5
-carboxyaminoimidazole ribonucleotide synthase (PurK), (7) N

5
-

carboxyaminoimidazole ribonucleotide mutase (PurE), (8) succinoaminoimidazolecarboxamide 

ribonucleotide synthetase (PurC), (9) adenylosuccinate lyase (PurB) and (10) a bi-functional 

enzyme constructed of aminoimidazolecarboxamide ribonucleotide transformylase/inosine 

monophosphate cyclohydrolase (PurH/PurJ). The additional enzymes at branched points are (11) 

PurT, (12) PurQ and (13) PurS, where applicable. Many studies, both structural and functional, 

have been performed on all of these enzymes across a wide range of organisms (Fyfe et al., 

2010; Morar et al., 2008; Kappock et al., 2000; Kim et al., 1996).  Mutation or gene deletion has 

revealed many of these enzymes essential for virulence of multiple pathogens (Jenkins et al., 

2011; Samant et al., 2008; Alcantara et al., 2004). Eukaryotes have gene organization that 

produces a higher number of individual enzymes, for which higher eukaryotes possess no 

orthologs to. Such divergence makes this an ideal pathway to explore for antimicrobials. 
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Figure 1.4: Prokaryotic de novo purine nucleotide pathway. This pathway utilizes 10-13 

enzymes, depending on classification, and eleven steps to synthesize IMP from PRPP. Enzymes 

that are fused multi-functional gene products are in dashed boxes with different functional 

domains shown as different colors. (PDB codes used: 1AO0, 2YRX, 1KJ8, 3AV3, 4L78, 3D54, 

2BTU, 3R5H, 1XMP, 4FE2, 2PFM, 1ZCZ). Structures are of available bacterial enzymes (also 

showing the different gene construction between Gram-positive and Gram-negative where 

applicable).  Enzymatic pathway diagram created in ChemBioDraw Ultra. 
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 1.4 Bacterial PurK 

 The enzyme PurK carboxylates aminoimidazole ribonucleotide (AIR) with the use of 

ATP and bicarbonate to form N
5
-carboxyaminoimidazole ribonucleotide (N

5
-CAIR) (Fig 1.4) 

and is unique to prokaryotes and lower eukaryotes. Divergence at this step in the pathway makes 

it an appealing target for antimicrobial development (Firestine et al., 2009; 1998). PurK belongs 

to the ATP-grasp family and contains the three domains (A, B, C) and the α+β-sandwich that 

“grasps” ATP (Galperin and Koonin, 2012). Thus far, PurK has been characterized solely as a 

dimer (Brugarolas et al., 2011; Tuntland et al., 2010; Thoden et al., 1999, 2010). The enzyme 

utilizes the energy and phosphate group from ATP to catalyze its reaction by producing a 

carboxyphosphate intermediate (Meyer et al., 1999; Mueller et al., 1994). This intermediate is 

enzymatically broken down to carboxylate AIR, forming the product N
5
-CAIR. It has been 

shown that E. coli becomes auxotrophic when PurK is removed (Thoden et al., 2008). Therefore, 

PurK has been suggested to be a potential target for antimicrobial drug discovery (Firestine et 

al., 2009). 

 1.5 Bacterial PurC 

 The enzyme PurC catalyzes the conversion of carboxyaminoimidazole ribonucleotide 

(CAIR) and the amino acid aspartate (L-Asp) to succinoaminoimidazolecarboxamide 

ribonucleotide (SAICAR) by using the coenzyme ATP. PurC gene products appear in all 

domains of life, but in different oligomeric states. Bacteria express PurC in dimeric form and 

have been structurally characterized from both Gram- positive and Gram-negative sources (Wolf 

et al., 2014; Ginder et al., 2006). Although PurC is not part of the ATP-grasp superfamily, the 

topology and domain structure is quite similar (Zhang et al., 2008). Alterations to the PurC gene 

has been shown to affect virulence in certain organisms, such as Xanthomonas campestris pv. 
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campestris (Yuan et al., 2013).  

 1.6 Biochemical and Biophysical Methods 

  1.6.1 Recombinant Protein Design and Preparation 

 Utilizing polymerase chain reaction (PCR) to insert the gene of a target protein into 

plasmid is the first step to protein expression in bacteria. There are many commercial kits 

available to simplify PCR operation and vector preparation, such at Gateway Technology 

(Invitrogen) or Infusion Cloning (Clontech). These kits rely heavily on carefully designed 

primers, which then nullify the laborious tasks of restriction digestion and ligation. Once the 

gene of interest is selected, a vector containing a LacZ promoter and a tag (if applicable) is 

chosen. Having the lac operon allows regulation of protein expression by the addition of 

isopropyl β-D-1-thiogalactopyranoside (IPTG) to the bacterial growth from which we will purify 

the target protein (Hansen et al., 1998). Expression of recombinant protein in E. coli is the 

system of choice in our laboratory.  

The choice of tag for affinity chromatography is usually either histidine (His-tag) or 

glutathione S-transferase (GST-tag). His-tags, 6-20 residues in length, are used in conjunction 

with a nickel charged nitrilotriacetic acid (Ni-NTA) resin and imidazole buffers for elution. With 

GST-tags, cross-linked glutathione (GSH) resin is used with GSH buffers for elution. Since GST 

is a protein of ~26 kDa, typically a protease site is introduced between the tag and the target 

protein. Thrombin is a serine protease that is the preferred choice in our laboratory. It recognizes 

a highly specific amino acid sequence, LVPRGS, cleaving on the C-terminal side of arginine 

(Chang et al., 1985). Once tags are cleaved they can then easily be separated from the protein 

with another pass through the respective affinity resin.  
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 1.6.2 Gel Filtration Chromatography 

Protein molecules can be further separated based on their hydrodynamic size by gel 

filtration chromatography. The gel is a porous matrix that allows smaller molecules to pass 

through, increasing their path length. Larger molecules will be excluded from the pores, having a 

shorter path length and thus eluting first.  The size of the resin and its pores can cover a large 

separation range, using the proper resin will depend on the size and shape of the target protein. 

Passing a set of well-characterized known proteins as standards allows us to create a calibration 

curve from which the approximate size of the target protein can be obtained. Not only does this 

technique further purify samples by separating the components by size, it also can inform us 

about the oligomeric state our protein forms in solution. Using this technique also allows us to 

monitor the homogeneity of sample, which can play a critical role in further experimentation. 

 1.6.3 Circular Dichroism 

To assess the composition of secondary structure in a protein of interest, we use circular 

dichroism (CD) spectroscopy. This technique utilizes the ability of proteins to absorb left and 

right circularly polarized light differently (Greenfield, 2006). The defined elements of secondary 

structure that are monitored with CD are the α-helix, β-sheet and random coil, each having its 

own unique spectral features in the UV region between 190-250 nm (Pelton and McLean, 2000).  

The α-helix shows strong bands at 222 and 208 nm, β-sheet at 217 nm and random coil at 195-

200 nm. Small sample size and ease of use, make CD a valuable method for characterizing 

proteins both structurally and functionally. 

 1.6.4 Thermal Stability 

The evaluation of the thermal stability of a properly folded protein can provide structural 
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insights to interactions guiding protein structure. This method can be used to study the effects of 

mutation or the binding of molecules, e.g. inhibitors or other proteins, by monitoring the 

“melting” temperature (Tm). A change in this transition temperature (ΔTm), between with and 

without ligand, can provide quantitative measures of protein stability.  Technological advances 

have made processing samples highly automated and have widened the range of protein targets 

being used (Senisterra et al., 2012).  

Several biophysical methods are used to monitor thermal unfolding with a CD 

spectrometer; the signal at 222 nm is monitored as a function of temperature. A loss of signal 

indicates a loss of α-helix secondary structure, indicating protein unfolding (Benjwal et al., 

2006). 

Fluorescence based thermal unfolding experiments, using small molecules that bind to 

hydrophobic surfaces on proteins, have provided another way to monitor thermal unfolding 

(Senisterra et al., 2012). SYPRO Orange (Thermo Fisher Scientific) is one such molecule that 

binds to the exposed hydrophobic surfaces as a protein molecule unfolds thermally. SYPRO 

Orange when excited at 490 nm emits fluorescent signal at 570 nm. The signal is quenched when 

exposed to water, which means, an increasing fluorescence signal is indicative of protein 

unfolding because as more of the hydrophobic core becomes accessible, more SYPRO Orange 

binds to the protein to emit fluorescent signal.  

1.6.5 Enzymatic Activity with a Malachite Green Assay 

The malachite green assay (MGA) is commonly used to detect phosphate released from 

enzymatic reactions (Itaya and Ui, 1966). It is relatively inexpensive and can easily be 

implemented into a high throughput setting (Pegan et al., 2010). Malachite green forms a 

complex with phosphomolybdate, which absorbs at 630 nm (Itaya and Ui, 1966). Malachite 
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green and molybdate, without the phosphate, has a light yellow-orange color with minimal 

absorbance at 630 nm. Detection is linear up to 40 μM phosphate, at which point samples reach 

saturation (Biosystem Assays). Color develops in 5-10 minutes with minimal change at 15 

minutes. Its use has been implemented to screen activities of molecular chaperones, NTPases and 

phosolipases (Chang et al., 2008; Shirasaka et al., 2006; Ohyama et al., 1996).  

1.6.6 High Throughput Screening 

Development of new drug molecules requires testing thousands to millions of chemicals 

and cataloging their properties in databases (Zhu et al., 2014; Hann and Oprea, 2004). This 

requires a high level of automation in both experimental and data analysis steps. Many different 

assays have been designed to withstand the demands of high throughput screen, targeting a large 

span of proteomes (Hajduk and Greer 2007; Lang et al., 2006; Walters and Namchuk, 2003). 

High throughput screening continues to facilitate and speed up data collection and analysis 

(Macarron et al., 2011; Wolcke and Ullmann, 2001). The need to produce and analyze massive 

amounts data as fast as possible has exponentially increased in accordance with the imminent 

threat of antimicrobial resistance among bacteria. 

1.6.7 Protein Crystallography 

 1.6.7.1 Crystallization 

Thorough understanding of the properties and conditions required for protein to 

crystallize is the basis for successful experimentation, for as previously stated, “after all, without 

crystals, no crystallography” (Rupp, 2010). Many key factors are essential in the formation of 

protein crystals including but not limited to: purity, stability, concentration, precipitants, buffers 

and pH. Finding the right combination of factors that lead to successful nucleation is a bottleneck 

to growing useable crystals. There are many different commercial screening solutions that help 
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provide initial conditions for crystallization. These screens can be applied in a high throughput 

format to further speed up the process (Skarina et al., 2014).  

Multiple methods, such as hanging/sitting-drop vapor diffusion, micro-batch under oil, 

micro-dialysis and capillary diffusion are used to grow crystals (Rupp, 2010). After a method is 

selected and initial conditions identified, optimization can begin. Controlling nucleation to allow 

for single uniform crystal formation is achieved by screening a “grid” that changes variables two 

or more at a time, e.g pH, temperature, concentration etc. The crystal is then evaluated by x-ray 

diffraction to determine whether data collection is possible. 

 1.6.7.2 Data Collection 

 In order to collect data, crystals must be harvested to allow mounting on to the 

instrumentation at the x-ray source. A cryoprotectant, like polyethylene glycol (PEG) or 

glycerol, is often used to preserve the integrity of the crystal during freezing. The x-ray source 

can be an “in-house” x-ray generator or more powerful synchrotron sources. High-resolution 

charge-coupled device (CCD) detectors are used to collect diffraction images. If the initial 

diffraction images are acceptable, and indexing along with a unit cell assignment can be 

accomplished, then a collection strategy can be implemented (Rupp, 2010).  Once a sufficiently 

complete data set is collected it can be scaled and averaged, then the final stages of solving the 

structure can begin. The quality of data can be assessed by: 

Rmerge =  hkli │Ii(hkl) - I(hkl) │ / hkli Ii(hkl) 

where I is the intensity of the reflection at position h, k, l and I(hkl) is the average intensity for 

each reflection. 

 1.6.7.3 Model Structure Building 

The number of available structures in the protein data bank (PDB) is now near 100,000. 
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As of 2013, 60% of all structures were solved using molecular replacement (MR) (Scapin, 2013). 

However if a sufficient homology model cannot be found then MR with not be successful, 

crystals grown with heavy atom derivatives such as selenomethionine or soaked with heavy 

atoms solutions will need to be used for phasing (Garman and Murray, 2003). Molecular 

modeling programs such as PHENIX and Coot (Adams et al., 2010; Emsley and Cowtan, 2004) 

are indispensable in solving of a structure. Backbone and side chain placement into the generated 

density map is carried out in Coot. Data refinement in REFMAC (Murshudov et al., 2011) 

provides the statistical values of Rwork and Rtest that compare the working model with the 

experimental data: 

          Rwork = hkl │ Fobs  -  Fcalc │/ hkl  Fobs  

 Fobs and Fcalc are the observed and calculated structure factors, respectively where: 

I(hkl)    F(hkl)
2 

 Rtest is calculated the same way as Rwork, but the test reflections (5-10%) are randomly selected 

and excluded from the refinement to validate the influence of model bias.  

Once the model is built, validation programs like MolProbity and PDB_REDO (Chen et 

al., 2010; Joosten et al., 2012) are used to check refinement statistics such as atom-atom clashes, 

unusual rotamers and the Ramanchandran plot for biological compliancy. The process is cycled 

until there are no significant changes in the resulting model. The last step is to deposit the 

coordinates into the Protein Data Bank (PDB) (Berman et al., 2000). 
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CHAPTER 2 

MECHANISTIC INSIGHTS INTO THE REACTION OF 

 N
5
-CARBOXYAMINOIMIDAZOLE RIBONUCLEOTIDE SYNTHASE (PURK) FROM 

BACILLUS ANTHRACIS USING X-RAY CRYSTALLOGRAPHY 

 

*Structure of N
5
-carboxyaminoimidazole ribonucleotide synthase (PurK) from Bacillus 

anthracis, Tuntland, M. L., Johnson, M. E., Fung, L. W.-M. & Santarsiero, B. D. (2011). Acta 

Cryst. D67, 870–874.  http://journals.iucr.org/d/issues/2011/10/00/hv5192/index.html 

 

*Elucidation of the bicarbonate binding site and insights into the carboxylation mechanism of 

(N
5
)-carboxyaminoimidazole ribonucleotide synthase (PurK) from Bacillus anthracis 

Tuntland, M. L., Santarsiero, B. D., Johnson, M. E. & Fung, L. W.-M. (2014). Acta Cryst. D70, 

3057–3065.   http://journals.iucr.org/d/issues/2014/11/00/kw5089/index.html 

 

*Publications and supplemental data from this chapter are "Reproduced with permission of the 

International Union of Crystallography" and attached in Appendices C and D. 

- I will describe my contributions in this chapter. 

- Dr. Santarsiero helped collect data at the beam line. He also supervised and performed 

indexing, scaling and molecular replacement. 

  

http://journals.iucr.org/d/issues/2011/10/00/hv5192/index.html
http://journals.iucr.org/d/issues/2014/11/00/kw5089/index.html
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 2.1 Introduction 

Bacillus anthracis (B. anthracis) is a rod shaped Gram-positive organism that causes the 

disease anthrax, and is classified as a Category A Biological Agent. By generating spores that are 

hard to detect, B. anthracis is a top candidate for bioterrorism (cdc.gov).  A combination of 

antibiotics and antitoxins are currently used as infection treatments, for a prolonged period that 

must cover the germination time.   

N
5
-Carboxyaminoimidazole ribonucleotide synthase (PurK) is an enzyme involved de 

novo purine biosynthesis that converts 5-aminoimidazole ribonucleotide (AIR) to N
5
-

carboxyaminoimidazole ribonucleotide (N
5
-CAIR), in the presence of adenosine triphosphate 

(ATP) (Meyer et al., 1999; Mueller et al., 1994; Firestine et al., 1994). PurK is unique to bacteria 

and lower eurkayrotes and utilizes bicarbonate (HCO3
‾
) for carboxylation. The carboxylation 

mechanisms involving HCO3
‾
 in the prokaryotic pathway with PurK and CO2 in the eukaryotic 

pathway with Pur6, are not clear and lack sufficient structural evidence.  

Previously reported structures of PurK include those from E. coli (EcPurK), (1B6R; 

1B6S; 3ETH and 3ETJ (Thoden et al., 1999a; 2008), from Aspergillus clavatus (AcPurK) (3K5I 

and 3K5H; Thoden et al., 2010), and from Staphylococcus aureus (SaPurK) (3ORQ and 3ORR; 

Brugarolas et al., 2011). In this chapter I report a set of 2 Å resolution structures of BaPurK with 

each of the ligands needed for the reaction in the active site, ATP-Mg
2+

, bicarbonate, AIR, and 

an important water network. These structures provide the first details of the bicarbonate binding 

site in PurK.  Due to the similarity found in the active site structures when different ligands are 

bound, we are able to model an active site structure containing all ligands.  This model allowed 

me to propose a mechanism detailing the carboxylation step of an essential pathway of B. 

anthracis. 
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2.2 Experimental Methods and Procedures 

All material used herein was supplied from Thermo Fisher Scientific, unless specifically 

mentioned. 

 2.2.1 Protein Design, Expression and Purification 

The BaPurK gene (strain A0248; 383 amino-acid residues) was cloned into a pDEST15 

(N-terminal GST-tag) expression vector using Gateway technology (Invitrogen). A thrombin 

cleavage site (LVPRGS) was introduced between the GST-tag and PurK to allow the removal 

of GST from the expressed fusion protein. The sequence of the gene in the expression vector was 

verified by Sanger sequencing (DNA Services, Research Resources Center, University of 

Illinois). 

The BaPurK sequence aligned with the amino acid sequence of 11 other PurKs from a 

variety of organisms; including Archaea (Sulfolobus solfataricus), Bacteria (Gram-negative; 

Escherichia coli, Vibrio cholerae, Aquifex aeolicus; Gram-positive; Bacillus subtilis, 

Staphylococcus aureus; No Gram-stain; Mycobacterium leprae, Mycobacterium tuberculosis), 

Fungi (Aspergillus clavatus, Saccharomyces cerevisiae) and Plantae (Vigna aconitifolia). 

Sequences of homologous enzymes/domains were obtained through the BLASTP tool from the 

Network Protein Sequence Analysis server. Sequence alignment was carried out using FASTA 

(Pearson & Lipman, 1988) and comparison was carried out using Jalview (Waterhouse et al., 

2009) and ClustalW (Larkin et al., 2007). 

Cell growth was carried out in a 2 L bench top fermenter (BioFlo 110, New Brunswick 

Scientific) at 37 °C in 2 L of terrific broth (TB) medium with ampicillin (0.1 g/mL) until OD600 

reached 1.1 and was then induced with IPTG (0.5 mM) followed by additional growth for 2 h. 
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The cells were harvested by centrifugation with 4000 x g at 4 °C for 30 min. Cell pellets were 

frozen and stored at -80 °C until processed.  

Frozen cell pellets were re-suspended in PBS 7.4 with 1% Triton and sonicated to lyse 

the cells. Cell debris were pelleted at 35, 000 x g for 30 min. The fusion protein was purified 

from lysate by GSH affinity resin in a gravity packed column (Sigma-Aldrich). After washing 

away the unbound proteins, the GST-fusion protein was eluted with 5 mM GSH in Tris buffer 

(50 mM Tris pH 8.0)  and  dialyzed in a second Tris buffer (10 mM Tris pH 8.0 with 200 mM 

NaCl). Incubation at 37 °C for 1 h with bovine thrombin (BioPharm Laboratories) cleaved GST 

from BaPurK. GST was removed with GSH resin. 

The purity of the prepared protein was determined by SDS-PAGE. The mass was 

determined by high-resolution/high-mass mass-spectrometric methods (LTQ-FT spectrometer, 

Research Resources Center, University of Illinois). 

 2.2.2 Protein Solution Property Characterization 

Protein was concentrated to 260 µM and characterized using a Superdex 200 (GE 

Healthcare) column and a FPLC setup (ÄKTA, GE Healthcare) at 25 °C. The Superdex 200 

column was calibrated with blue dextran (>2,000,000 Mr), ferritin (440,000 Mr), aldolase 

(158,000 Mr), conalbumin (75,000 Mr), ovalbumin (44,000 Mr), carbonic anhydrase (29,000 Mr), 

RNAse A (13,700 Mr) and aprotinin (6,500 Mr) (all from GE Healthcare).  The solution oligomer 

state was determined from the calibration curve generated from the standards. CD spectra of 

BaPurK in the Tris Buffer were obtained in the above Tris buffer from 190-250 nm (JASCO J-

810 with a Peltier Temperature Controller) and analyzed using K2D3 (Luis-Jeune et al., 2012).  
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2.2.3 BaPurK Crystallography 

  2.2.3.1 Apo (with Mg
2+

) Protein Crystallization 

 Crystallization was carried out using the hanging-drop vapor-diffusion method. The protein 

(725 µM) was in Tris buffer. The reservoir solution was an optimized crystallization solution 

consisting of 0.1 M MES buffer pH 6.5 containing 9% glycerol, 10% PEG 6000 and 5 mM DTT. 

Silver Bullets Bio additive #17 (Hampton Research) was added, with volume proportions of 1.0, 

0.5 and 0.5 µL protein, reservoir and additive solutions, respectively. 

           2.2.3.2 Ligand Bound Protein Crystallization 

 The crystal-growth conditions for structures with ligands were as follows: Condition A, 

well solution consisted of 0.1 M MES, 5 mM DTT, 10 mM MgCl2, 11% glycerol, 10% PEG 

6000 (pH 6.5). Hampton Research Additive Screen condition # 46, which consisted of 100 mM 

ATP (0.5 μL), was added to the protein drop (2.0 μL protein solution and 0.5 μL well solution). 

Crystals were later soaked in 10 mM AIR for 30–60 s prior to flash-freezing for diffraction 

measurements. Condition B, well solution was the same as Condition A, except that it also 

contained 100 mM NaHCO3. ATP (100 mM, 0.5 μL) was added to the protein drop (2.0 μL 

protein solution and 0.5 μL well solution). Condition C, well solution contained 0.1 M MES, 5 

mM DTT, 9% glycerol, 10% PEG 6000 (pH 6.5). Hampton Research Silver Bullets Bio # 27 (0.5 

μL) was added to the protein drop (1.0 μL protein solution and 0.5 μL well solution). The crystal 

was later soaked in 3 mM ADP for 30–60 s prior to flash-freezing. Condition D, well solution 

consisted of 0.1 M MES, 5 mM DTT, 10 mM Ca(NO3)2, 9% glycerol, 9% PEG 6000 (pH 6.5) 

and ATP (100 mM, 0.25 μL) was added to the protein drop (1.0 μL protein solution and 0.25 μL 

well solution). 
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 2.2.3.3 X-ray Data Collection and Analysis 

Data were collected at SER-CAT 22-ID (Southeastern Regional Collaborative Access 

Team, Advanced Photon Source, Argonne National Laboratory) by flash-freezing the crystals in 

liquid nitrogen. No additional cryoprotectant was added as the crystallization conditions 

contained both PEG and glycerol at sufficiently high concentrations. A 300 mm MAR CCD 

detector was used for data collection and XDS (Kabsch, 2010a; 2010b) was used for indexing, 

integration and scaling. Phaser (McCoy et al., 2007) was used for molecular replacement using a 

homology model built from AcPurK (PDB entry 3K5H; Thoden et al., 2010) and resulted in two 

independent chains (A and B), which were used to solve the BaPurK structure with only Mg
2+

 in 

the active site (PDB code 3Q2O; Tuntland et al., 2011; Appendix C). These coordinates were 

later used as the starting model for the structures obtained with ligands. Coot (Emsley and 

Cowtan, 2004) was used for ligand insertion and manual rebuilding, and REFMAC (Murshudov 

et al., 2011) was used for refinement with CCP4 (Winn et al., 2011). MolProbity (Chen et al., 

2010) was used for structure validation. Explicit details of each refined structure are given in 

Table 2.1. The structures have been deposited in the Protein Data Bank. 

 Analysis of secondary structure and dimer interface was performed using PDBsum 

(Laskowski, 2009). Structural representations were generated using PyMOL (Schrödinger LLC).      

The RMSD from VMD and PyMOL was used to compare distance fluctuations (Humphrey et al., 

1996).  The active site volume was determined with Pocket Finder 

(www.modelling.leeds.ac.uk/pocketfinder) and the value was rounded for appropriate precision 

consideration (Novotny et al., 2007).  
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2.3 Results 

 The sequence alignment with EcPurK was used to determine the boundaries of the 

domains defined in ATP-grasp family members (Li et al., 2009). Sequence alignment shows 

61.5/44.6% identity and 83.6/76.7 % similarity for other Gram-positive PurKs (Bacillus subtilis 

and Staphylococcus aureus, respectively), while all other PurKs show approximately 35% 

identity and 66% similarity (Fig 2.1).  
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Figure 2.1: Alignment of the amino acid sequence of BaPurK to 11 other PurKs from multiple 

organisms; Archaea (Sulfolobus solfataricus), Bacteria (Gram-negative; Escherichia coli, Vibrio 

cholerae, Aquifex aeolicus; Gram-positive; Bacillus subtilis, Staphylococcus aureus; No Gram-

stain; Mycobacterium leprae, Mycobacterium tuberculosis), Fungi (Aspergillus clavatus, 

Saccharomyces cerevisiae) and Plantae (Vigna aconitifolia). White letters in black boxes show 

strictly conserved residues throughout the 12 organisms. Active site loops are boxed and color-

coded as in Fig 2.3 C: A-Loop (green), B-Loop (blue), ABC-Loop (orange), DT-Loop (purple), 

J-Loop (cyan), P-Loop (red) and Ω-Loop (yellow). 
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  2.3.1 Protein Solution Property Characterization 

 The GST fusion protein showed an electrophoretic mass of ~70 kDa and could be cleaved 

with thrombin. The purity of the recombinant BaPurK sample was >95% (Fig 2.2 A) and its 

observed mass from molecular weight determination was 43,157.7 Da (the expected mass was 

43,157.4 Da). The hydrodynamic mass from gel filtration was ~86 kDa, indicating BaPurK is a 

dimer in solution. CD spectra showed secondary elements typical of a folded globular protein. 

After converting to Δε analysis in K2D3 predicted 23% α-helix and 20% β-sheet (Fig 2.2 B). 

 2.3.2 BaPurK Crystallography 

 All BaPurK crystals formed thin plates (Fig 2.2 C) after 3 d at 20 °C of setting up the 

conditions as mentioned in sections 2.2.3.1 and 2.2.3.2. The crystals resulted in the apo with 

Mg
2+

 (PDB; 3Q2O) and protein-ligand complexes from Conditions A-D (PDBs; 3R5H, 3V4S, 

3QFF and 4DLK, respectively).  
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Figure 2.2: BaPurK protein characterization steps. A) SDS-PAGE of a typical protein prep. 

Shown from left to right are low molecular weight standard (LMWS) with six bands (top to 

bottom: 97, 66, 45, 30, 20, 14 kDa), GST-BaPurK (~70 kDa), sample after GST was cleaved 

with thrombin and pure BaPurK (~43 kDa). B) CD spectrum of BaPurK (10 μM; ●) and the 

predicted spectrum from K2D3 shown as a solid line. Signal was converted to Δε for analysis. C) 

Crystals of BaPurK form thin plates within 3 d at 20 °C.  
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    2.3.2.1 Modeled Structures for BaPurK 

 BaPurK crystallized in space group P212121, as a dimer with two independent chains (A 

and B) in the asymmetric unit. Although there are multiple “primitive orthorhombic” space 

groups, P212121 having three two-one screw axis allowed us to fully determine the structures.  

The structures were refined to 1.96-2.20 Å resolution (Table 2.1). The topology of each chain is 

globular and has 16 helical segments (without ligands and 17/18 with ligands) and 17 β-strands 

(forming three β-sheets) as defined by PDBsum (Fig 2.3 A; 3Q2O without ligands). There are 

three domains in each monomer (chain A or B). The A-domain (residues 1-120), B-domain 

(residues 121-186) and C-domain (residues 187-383) (Fig 2.3 B). These domains are the 

characteristic domains of the ATP-grasp super-family and show four common loops: the P-Loop 

(residues G15 - L19), the B-Loop (T149 - G157), the Ω-Loop (V214 - I217), and the J-Loop 

(A270 - H274) (Tuntland et al., 2011; Thoden et al., 1999a) (Fig 2.1).  Also identified were three 

additional loops, in BaPurK, that are involved in interactions with active site ligands (Fig 2.1; 

2.3B).  The first loop, a six-residue loop (Y75 - I80) interacting with AIR via E76, is designated 

as the A-Loop for AIR.  A second six-residue loop, (K183 - E188) interacts with ADP/ATP, and 

is designated as the DT-Loop for ADP/ATP.  Lastly a twelve-residue loop (L337 - K348) 

interacting with both AIR and bicarbonate is designated as the ABC-Loop (Fig 2.3 C).  

Chains A and B are very similar (3Q2O), with a root-mean-square displacement (RMSD) 

of 0.4 Å for Cα atoms The Cα RMSD for each monomer chain of the four protein-ligand 

complexes to 3Q2O-A is < 0.85 Å (Fig 2.3 C).  The Cα B-factor values range from about 10 to 60 

Å
2
 (Fig 2.3 B). The main-chain atoms in the C-domain are the least mobile, while the main-chain 

atoms in the B-domain are the most mobile (Fig 2.3B; Fig 2.4). 
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The interface of chains A and B for all structures involves approximately 60 residues, 30 

from each chain, and includes ~15 hydrogen bonds and ~120 non-bonded contacts, with a 

contact surface area of ~3200 Å
2
. 
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Table 2.1: X-ray Data and Refinement Statistics 

 
PDB Code 3Q2O 3R5H 3V4S 3QFF 4DLK 

Crystal Parameters      

  Space Group P212121 P212121 P212121 P212121 P212121 

 

Unit-cell axes (Å) 

a = 57.43   

b = 82.45  

 c = 166.62 

a = 57.44   

b = 82.79  

 c = 168.23 

a = 57.74   

b = 82.87   

c = 167.93 

a = 57.42   

b = 82.09   

c = 166.77 

a = 57.37   

b = 84.48   

c = 167.27 

Data Collection      

  Resolution range (Å) 
19.96-1.96 

(2.07-1.96) 
19.76-2.20 

(2.26-2.20)e 
19.96-2.02 

(2.14-2.02) 

19.97-1.96 

(2.08-1.96) 

19.99-2.02 

(2.14-2.02) 

  No. of unique reflections 56242 41312 51528 55699 52033 

Average redundancy 7.6 (4.9) 6.0 (5.5) 5.5 (3.8) 7.6 (5.1) 4.5 (2.9) 

  Completeness (%) 96.9 (81.3) 99.4 (94.9) 96.1 (77.2) 97.2 (82.1) 95.6 (78.8) 

  <I/σ(I)> 14.7 (2.7) 22.6 (8.7) 22.4 (5.5) 14.4 (2.0) 14.5 (2.9) 

  Rmerge 0.106 (0.750) 0.054 (0.199) 0.047 (0.206) 0.091 (0.816) 0.075 (0.415) 

  Wilson B-factor (Å2)  34 35 28 39 21 

Refinement      

  No. of protein residues 754 760 761 754 760 

  No. of water molecules 379 557 483 317 308  

Chains A                  B A                  B A                  B  A                   B A                  B 

  No. of AIR molecules 0                   0 1                   1 0                   0  0                    0 0                   0 

  No. of HCO3
-  molecules 0                   0 0                   0 1                   1  0                    0 0                   0 

  No. of Mg atoms 1                   1 1                   1 1                   2  0                    0 0                   0 

  No. of Ca atoms 0                   0 0                   0 0                   0  0                    0 3                   2 

  No. of ATP molecules 0                   0 0                   0 0                   1  0                    0 3                   1 

  No. of ADP molecules 0                   0 1                   1 1                   0  1                    1 0                   0 

Overall  Rwork/Rtest
 0.195/0.235 0.179/0.248 0.175/0.217 0.199/0.252 0.198/0.235 

Highest shell Rwork 0.282 0.201 0.208 0.312 0.262 

Highest shell Rtest 0.334 0.270 0.260 0.389 0.292 

  Average B-factor (Å2) 28.5 29.2 31.3 34.7 24.3 

Clash scores 2.4 2.4 3.7 2.7 1.5 

Poor rotamers 11 11 6 3 3 

RMS deviations from ideal      

Bond lengths (Å) 0.009 0.011 0.008 0.010 0.006 

Bond angles (°) 1.11 1.31 1.26 1.18 1.15 

Ramachandran plot      

     Favorable 731 [97.5%] 731 [96.7%] 742 [98.1%] 729 [97.2%] 744 [98.4%] 

     Acceptable 18 [2.4%] 25 [3.3%] 14 [1.9%] 20 [2.7%] 11 [1.5%] 

    Outliers 1 [0.1%] 0 [0.0%] 0 [0.0%] 1 [0.1%] 1 [0.1%] 

* Values in parentheses are data from the highest shell  
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Figure 2.3: Structural features of apo BaPurK. (A) Topology diagram of PurK monomer 

generated by PDBsum showing 16 helices and 17 β-strands. (B) BaPurK as crystallized in dimer 

form. Chain A is shown with the three domains that define an ATP-grasp protein (A-domain, 

sand; B-domain, orange; C-domain, pink). Residues 51–71, are colored pale yellow. Mg
2+

 are 

shown as red spheres. Chain B is depicted by a color spectrum ranging from dark blue for low 

average B-factors (~10 Å
2
 in the C-domain) to dark red for high average B-factors (~60 Å

2
 for 

the B-loop (residues 149–157) in the B-domain). B-factors are plotted by residue for both chains 

in the inset plot (lower left; PDB 3Q2O). The two chains have similar B-factors except for 

residues 74–92, for which chain B shows higher mobility. (C) Overlay of all monomer chains 

from the structures.  Most of the structural elements, including the major ligand interacting loops 
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- J-Loop (cyan), DT-Loop, P-Loop (red) and Ω-Loop (yellow) exhibit little movement, except 

for the A-Loop (green), the ABC-Loop (orange) the B-Loop (blue).  The B-Loop is the most 

flexible, and is in an “open” conformation or “up” position without ATP, but is in a “closed” 

conformation, or “down” position, with ATP (see top inset, the “open” conformation without 

ligand and the “closed” conformation in the presence of ATP-Mg
2+

 and HCO3
-
). 
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 A relatively long segment of residues (51-71; Fig 2.3 B) is absent in EcPurK and exhibits 

little homology with AcPurK. This BaPurK segment is in the A-domain near the N-terminus and 

is comprised of a β-strand followed by a helix, flanked β-strand-helix-β-strand upstream and a  

β-strand-helix downstream (βαβuβαβα, where the underlined regions are similar in all three 

PurKs, the region in bold is missing in EcPurK and `u' represents an unstructured segment). The 

corresponding secondary-structural elements are βαβααβα in EcPurK (Thoden et al., 2008) and 

βαβαβαβα in AcPurK (Thoden et al., 2010). Since there are currently no structures of EcPurK or 

AcPurK with only Mg
2+

 in the active site, it is not clear if this 20-residue segment causes unique 

conformational movements that lead to significant functional differences in PurK.  

 In the subsequent segment that contains E76-L94, the B-factors vary considerably 

between chain A and chain B. Values of 20-30 Å
2
 are observed for chain A, while values of 40-

60 Å
2
 are seen for chain B. This is a consequence of crystal packing, with this segment in chain 

A having a compact association with a symmetry-related chain A, but with that in chain B 

having no close symmetry-related protein contacts. Additionally, this segment could significantly 

influence enzyme activity and mechanism, since it contains three conserved residues E76, E78 

and L85. 
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Figure 2.4: Overlay of 3Q2O-B (green) onto 3Q2O-A (red) in the B-loop region. The 

conformations of the B-loop in chain A and in chain B differ significantly, with residues such as 

Y153, D154 and K156 of the two chains in different positions. The α-helices and β-strands up- 

and downstream of the B-loop in the B-domain also exhibit slightly differing conformations in 

chains A and B (left side of the figure). Note that C-domains of the two chains are virtually 

identical. 
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   2.3.2.2 Active Site Features 

 Along with our first structure (3Q2O) with Mg
2+

, we observed all reaction substrates, 

AIR, HCO3
-
, ATP-Mg

2+
 and a water network, in the active sites of two structures (3R5H-B with 

AIR and 3V4S-B with HCO3
-
 and ATP-Mg

2+
).  Other ligands, such as ADP, were also found in 

the active site of some of these structures (Table 2.1).   

 In general, the active site structures, other than the positions of some loops, are similar, 

and are relatively large and open.  For example, the volume of the active site 3V4S-B is ~1900 

Å
3
, or 5% of the total enzyme volume (Fig 2.5 A), with many polar and positively charged 

residues to accommodate the highly negatively charged substrates of ATP, HCO3
‾
 and AIR (Fig 

2.5 B).  The relatively large active site is able to accommodate three ATP molecules with Ca
2+

 in 

one structure  (4DLK-A; Fig 2.5 C).  Calcium was used to assist in the assignment of the 

position(s) of Mg
2+

 in the active site.  The electron density of Mg
2+

 and water may appear 

similar, but generally the coordination geometry is octahedral with cations and tetrahedral with 

water.  The coordination geometry for both Mg
2+

 and Ca
2+

 was octahedral.  Nitrate, the counter 

ion of Ca
2+

, was not observed in 4DLK, although nitrate and bicarbonate have similar 

geometries. 
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Fig 2.5: Active site cavities of BaPurK are large. A) The volume of the active site with ATP, 

Mg
2+

 and HCO3
‾
 (3V4S-B) is ~1900 Å

3
, shown as a blue space-filled pocket, as generated by the 

Pocket-Finder server. B) The electrostatic potential of the binding sites of AIR, HCO3
‾
 and the 

phosphates of ATP is highly positive (blue), The arrow shows the active site tunnel.  The tail end 

of the arrow shows the site to which the adenine ring of ATP binds, and the head of the arrow 

shows the site to which AIR binds, with HCO3
‾
 in between ATP and AIR.  The region circled 

consists of a cluster of positive charges in the active site.  A 180
o
 rotation shows that the rest of 

the enzyme surface is relatively less positive than the active site. C) The active site of 4DLK-A 

contains three ATP molecules occupying the entirety of the reaction pathway. The active site is 

shown a space-filled pocket and the electron density (2mFo-DFc) of the ATP molecules is shown 

as blue mesh at 1.5 σ.  
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 Most of the secondary structural elements, including the P-, Ω-, and J-Loops, exhibit little 

movement upon binding ligands.  However, the A-, B-, ABC- and DT-Loops exhibit differing 

degrees of movement upon binding ligand(s), with the glycine-rich B-Loop 

(T
149

TGGYDGKG
157

) being the most flexible.  In other ATP grasp enzymes, this loop is 

considered to be a “flexible lid” over the active site (Fawaz et al., 2011; Ye et al., 2001; Thoden 

et al., 1999b).  In the absence of the terminal phosphate of ATP, the B-Loop exhibits an “open 

conformation”, or “up position” (for example, as in 3Q2O-B with no ATP, Fig 2.3 C inset), but 

is in a “closed conformation”, or “down position”, when ATP is present (3V4S-B and 4DLK-B).  

    2.3.2.2.1 ADP/ATP Binding 

  In the active sites of four structures, either ADP or ATP, were found. They are in 

approximately the same location at one end of the active site, with or without other ligands.  The 

ADP part of ATP (3V4S-B) is at approximately the same position as ADP (3R5H-B) in the 

active site.  The flexible B-Loop exhibits an “up position” in the absence of the terminal 

phosphate in ATP, but in the presence of ATP, shows a “down position” (3V4S-B and 4DLK-B) 

(Table 2.1).  The positions of this loop in the active sites of structures with other ligands are in 

between these two extreme positions. Upon binding ATP, some residues in the loop, including 

G152, Y153 and G155, move 5 - 10 Å.  The side-chain interactions include Q158 (the residue 

immediately following the B-Loop) with the α-phosphate, E190 with the ribose moiety, and 

R107, K147, and N267 with phosphate groups.  The hydrated Mg
2+

 interacts with the terminal 

phosphate to stabilize the orientation and position of ADP/ATP.  For ADP-Mg
2+

 (3R5H-A, 

3R5H-B and 3V4S-A), the β-phosphate is “pointing up”. However, in the absence of Mg
2+

, the 

β-phosphate can either be “pointing up” with 100% occupancy (3QFF-A), or can have a dual 

occupancy with 70% “pointing up”, and 30% “pointing down” (3QFF-B) (Fig 2.6 inset).  This 
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“down” conformation interacts with the same residues as the “up” conformation, as well as with 

the side-chains of H213 and E255.  The DT-Loop (K
183

WVPFE
188

) backbone atoms of K183 and 

V185 are in contact with the adenine ring.  In addition, the side-chains of W184, F187 and F257, 

are involved in a π-π interaction with the adenine ring. A number of water molecules, such as 

water 375 from 3V4S-B are also found in each of the active sites displaying coordination 

geometry typical of water, and not that of metal cations.  One of the two Mg
+2

 found in structure 

3V4S-B is in the same position as one Ca
2+

 in the structure 4DLK-B, both coordinating to the 

phosphate groups of ATP.  Furthermore, two additional ATP molecules, one occupying the 

HCO3
‾
 site, and another in the AIR site were found in one structure (4DLK-A).  Recently it has 

been shown that ATP (up to 5 mM) inhibits the enzymatic reaction in AcPurK, and it is proposed 

that multiple ATP molecules can occupy the active site (Dewal and Firestine, 2013).  Indeed, the 

active site may accommodate three ATP molecules, as observed for BaPurK (Fig 2.5 C). 

    2.3.2.2.2 AIR Binding 

 The electrostatic potential of the binding site for AIR, adjacent to the ATP binding site, is 

relatively positive (3R5H-A and -B).  The hydroxyl groups on the ribose of AIR, interact with 

the A-Loop at E76, and the phosphate of AIR interacts with K340 and R347 in the long ABC-

Loop.  K340 and R347 as well as K348 (interacts with HCO3
‾
) are conserved residues across 12 

different species, including archaea, bacterial prokaryotes (both Gram-positive and Gram-

negative) and lower eukaryotes of fungi and plantae (Fig. 2.1).  The substrate AIR also interacts 

with the P-Loop at Q18 and L19.  The location of AIR in the active site of AcPurK (3K5I, with 

ADP-Mg
2+

 and AIR; Thoden et al., 2010) is nearly the same as in BaPurK (Fig 2.6).  The 

residues Q14, E73, K345 and R352 that interact with AIR in AcPurK correspond to Q18, E76, 

K340 and R347 in BaPurK.  Residue F77 in the A-loop of BaPurK appears to behave differently 
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than F78 of SaPurK (Burgarolas et al., 2011), in that the F78 side chain occupies the binding site 

when AIR is absent. However, in BaPurK, F77 is positioned away from the active site, with or 

without AIR.  As part of the important water network, water 479 from 3R5H-B, the structure 

with ADP-Mg
2+

 and AIR, is hydrogen-bonded to N6
 
of AIR (2.6 Å apart).    
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Figure 2.6: ADP-Mg
2+

 and AIR in the active site of BaPurK (3R5H-B) are shown. AIR has not 

been previously observed in the active site of a bacterial PurK. The electron density map of ADP 

(a 2mFo-DFc map at 2.0 σ (0.61 e/Å
3
), using CCP4 and PyMOL) shows ADP in the “normal” 

conformation, the same as that in active sites with only ADP and no Mg
2+

, (3QFF-A; left inset, 

and in 3QFF-B; middle inset).  In the middle inset, only 70% of the ADP is in this normal "up" 

position. 30% of ADP is observed with the β-phosphate pointing “down”.  The electron density 

maps in the insets are shown at 1.0 σ (0.27 e/Å
3
),.  The lower right inset shows the structure and 

atom names of AIR, with the exocyclic amine N shown as the sixth atom (N6) in the imidazole 

ring, according to the naming scheme.  This atom is also termed N
5
 in the text and in literature 

(Mueller et al., 1994).    
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     2.3.2.2.3 Bicarbonate Binding 

 HCO3
‾
 has been proposed to bind in the space between ATP and AIR (Dewal and 

Firestine, 2013), but the location of the HCO3
‾
 in the active site has not been reported previously.  

For the first time, the precise location of HCO3
‾
 in the active site, of any PurK, is revealed in 

BaPurK.  HCO3
‾
, has a unique trigonal planar density, and is equidistant between ATP and AIR 

(3V4S-A and -B).  Since HCO3
‾
 has not been observed previously, rigorous examination of the 

density assignment was performed.  Three different omit maps were generated; mFo-DFc, 2mFo-

DFc and 3mFo-2DFc (Fig 2.7).  After removing HCO3
‾ 
from the structural model and re-refining 

the structure, each of these maps still generated a trigonal planar shaped patch of density at 3.5 σ 

(0.28 e/Å
3
), 1.5 σ (0.43 e/Å

3
) and 2.5 σ (0.78 e/Å

3
), respectively.  An additional mFo-DFc omit 

map was generated with residues R272 and K348 and the HCO3
‾
 ion removed from the model, to 

confirm our placement of HCO3
‾ 
and its interactions. In EcPurK structures, other ions are found 

in this location (e.g., a sulfate ion in 1B6R, and a phosphate ion in 3ETJ) (Thoden et al., 1999a; 

2008). Aligning Cα atoms in 1B6R and in 3ETJ with 3V4S-B (Cα RMSD of ~1.1 Å for both 

alignments) we found that the PO4
3-

 in 3ETJ is closer to the ATP γ-phosphate position than 

HCO3
‾
, and the SO4

2-
 in 1B6R is at about the same position as HCO3

‾
 (Fig 2.8 C).  Whether it is a 

sulfate or hydrolyzed phosphate group, both protrude with a tetrahedral shape when placed in the 

density of the omit map. 
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Figure 2.7: A series of omit maps, generated by setting the occupancy of the bicarbonate atoms 

to zero and re-refining the structure with ATP-Mg
2+

 and bicarbonate (3V4S-B). The top panel 

shows three maps; mFo-DFc (dark blue), 2mFo-DFc (orange) and 3mFo-2DFc (teal) at 3.5, 1.5 

and 2.5 σ, (0.28, 0.43, and 0.78 e
-
/Å

3
) respectively, from a top-down view. The side chain of 

R272 is shown as a stick representation for an anchor of orientation. The bottom panel shows the 

same three maps individually; mFo-DFc, 2mFo-DFc and 3mFo-2DFc (left to right) rotated 90° to 

give the side view, confirming the correct trigonal planar density of bicarbonate. 

  

R272

mFo-DFc at 3.5 σ 3mFo-2DFc at 2.5 σ2mFo-DFc at 1.5 σ

R272

R272R272
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 In the BaPurK active site, HCO3
‾
 is in contact with R272 and H274 in the J-Loop and 

with K348 in the ABC-Loop (Fig 2.8 A-B).  A water molecule (water 41) and the R272 side-

chain both interact with oxygen atoms in HCO3
‾
 with two O atoms positioned such that the 

delocalized negative charge on both O atoms interact with the delocalized positive charge on the 

R272 side-chain. This puts the guanidinium group and HCO3
‾
 in a coplanar configuration with 

strong charge-charge interaction, and to position the HCO3
‾
 in this specific location in the active 

site.  In addition to the interaction with the R272 side-chain and water 41, HCO3
‾
 also interacts 

with another water molecule (water 375, which also interacts with the γ-phosphate of ATP and 

K348).  The positive charges of H274 and K348 both play an important role in stabilizing  

HCO3
-
.  Notably, all three residues, R272, H274 and K348, are conserved. 

  



47 

 

   

 

 

Figure 2.8: HCO3
‾
 is shown in the active site of BaPurK with ATP and two Mg

2+
 (3V4S-B).  A) 

HCO3
‾ 
(red and yellow) interacts with the side chains of R272 and H274 (in the J-Loop) and 

K348 (in the ABC-Loop). The electron density maps (2mFo-DFc map at 2.0 σ (0.59 e/Å
3
)) of 

ATP, R272, H274 and K348 are shown. The density map for HCO3
‾
 is not shown here for 

clarity.  B) A rotation of A) to show that HCO3
‾
, with its density map, exhibits trigonal planar 

geometry.  C) The previously published PO4
3-

 group in the EcPurK (dark red; 3ETJ, chain in 

light orange) and SO4
2-

 group (dark green; 1B6R, chain in magenta) are shown in the active site 

when the structures were overlaid with that of BaPurK (3V4S-B, chain in grey and J-Loop in 

cyan).  The PO4
3-

 group is located closer to the γ-phosphate of ATP than HCO3
‾
, and the SO4

2-
 

group is at about the same location as HCO3
‾
. Residue R272 corresponds to R242 in EcPurK. 
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 2.4 Discussion and Conclusion 

 Different combinations of the ten x-ray structures (five PDB codes with two chains each) 

that were determined allowed us to model an active site with all reaction components. Starting 

with a structure without ligands (3Q2O), followed by the structures with ATP-Mg
2+

, HCO3
-
, AIR 

and a water network, provided the foundation to model an active site occupied by all substrates 

and propose a reaction mechanism for BaPurK.  

  2.4.1 Active Site Modeling 

 Since (1) ATP-Mg
2+

, HCO3
‾
 and AIR were all observed in the active site of different 

structures, (2) the backbones in each structure are similar (RMSD values of all Cα alignment was 

<0.85 Å) and (3) the ADP moiety of ATP (3V4S-B) overlays with ADP (3R5H-B; AIR bound), 

we then aligned the two structures to obtain the coordinates of AIR, relative to ATP. The 

molecule of AIR was placed into the active site of 3V4S-B, which was already occupied by 

ATP-Mg
2+

, HCO3
‾
 and water molecules, to create an active site occupied by all the substrates 

(ATP-Mg
2+

, HCO3
‾
, AIR and H2O; Fig 2.9) needed to form the product N

5
-CAIR.  In this model 

structure, we find that HCO3
‾
 is equidistant from ATP and AIR, with the P atom in the terminal 

phosphate 4.5 Å away from an O atom in HCO3
‾
, and the N6 atom in AIR 4.5 Å away from the C 

atom in HCO3
‾
.  The N6 atom is the exocyclic nitrogen (Fig 2.6 inset) and is the site of 

carboxylation to yield N
5
-CAIR.  There are also a number of water molecules between the γ-

phosphate (two within 4.0 Å), HCO3
‾
, and AIR.  The positive charges from the side chains of 

R272, H274 and K348 are all about 3.0 Å from the O atoms of HCO3
‾
. 
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Figure 2.9: The modeled active site of BaPurK. A) Reaction components (ATP, Mg
2+

, HCO3
-
 

and key waters 41, 101, 220 and 375) from the active site of 3V4S-B.  B) Reaction components 

(AIR and an important water molecule, 479, in blue-grey) from the active site of 3R5H-B, used 

for the model are shown in color, ADP-Mg
2+,

, not used, in grey. Key residues R272 and K348 

are also shown. C. The model active site shows HCO3
‾
 positioned between the γ-phosphate of 

ATP and the amine of AIR, with the terminal phosphate P atom 4.5 Å from the O atom in 

HCO3
‾
, and the N6 atom in AIR 4.5 Å from the C atom in HCO3

‾
 (dashed lines).  The N6 atom is 

the site of carboxylation.  The side chains of R272 and K348 are also shown. H274 is not shown 

for clarity.  Important waters in the active site are shown as spheres (those in 3R5H-B in blue-

grey and 3V4S-B in dark blue).  A water, either water 479 in blue-grey from 3R5H-B or water 
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41 in dark blue from 3V4S-B, is within hydrogen bonding distance of K348, N6 of AIR and 

HCO3
‾
.  The van der Waals radii surfaces are shown for the reactants with H2O and without H2O 

(bottom inset). Overlapping radii suggest a water-facilitated mechanism for the complete 

reaction. Other water molecules found in the active site are shown in small spheres. 
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  2.4.2 Proposed BaPurK Mechanism 

 PurK catalyzes the reaction of AIR and HCO3
‾
 to form N

5
-CAIR, in the presence of ATP-

Mg
2+

 in the de novo purine biosynthesis pathway.  With the precise position and orientation of 

HCO3
‾
 in BaPurK now determined, we can use our modeled structure in which its active site is 

occupied with the substrates AIR and HCO3
‾
, as well as with ATP-Mg

2+
 and a water network to 

propose the reaction mechanism (Fig 2.10)  
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Figure 2.10: Proposed BaPurK carboxylation mechanism. The active site conatins substrates 

(HCO3
-
 and AIR) along with ATP-Mg

2+
, water molecules, and residues R272, H274 and K348. 

K348 is uncharged due to nearby hydrophobic side chains or possibly deprotonated by D154 (top 

panel).  After the phosphoryl transfer, which is assisted by a nearby water and/or the bicarbonate 

(top panel), bicarbonate is positioned by interacting side chains, allowing for nucleophilic attack 

on the γ-phosphate, aided by the water network (middle panel). The intermediate 

carboxyphosphate is formed, seemingly in a more stable chair conformation (Thoden et al., 

2008), and is stabilized by R272, H274 and K348.  It is then shuttled toward the amine of AIR, 

which is assisted by phosphate repulsion and amine attraction. AIR is primed for carboxylation 

via proton extraction by the nearby water molecule facilitated by its environment, in conjunction 

with K348. The carboxyphosphate then breaks down into phosphate, and the carboxyl group 

attaches to AIR, to give the product N
5
-CAIR (bottom panel).  
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 The reaction begins as ATP is hydrolyzed, and the phosphate is transferred to HCO3
‾
 to 

form an intermediate carboxyphosphate (Mueller et al., 1994).  Two general mechanisms for 

ATP hydrolysis and phosphoryl transfer have been proposed, the “associative” and the 

“dissociative” mechanisms (Harrison and Schulten, 2012).  In the associative mechanism, an 

oxygen atom that is within 4.0 Å, such as the oxygen in a “lytic" water (Ow), interacts with the γ-

phosphate, eventually leading to a transition state of Ow associated to the γ-phosphate.  In the 

dissociative mechanism, water is hydrogen bonded to a terminal oxygen atom of the γ-phosphate 

to facilitate the breakdown of the Pβ-O-Pγ “bridge” by lengthening the O- Pγ bond (Harrison and 

Schulten, 2012).   

In BaPurK, both waters 101 and 375 in the modeled active site are 3.1 and 3.6 Å, 

respectively, away from the γ-phosphate.  Thus, it is possible to follow the associative 

mechanism - with Ow101 or Ow375 interacting with the γ-phosphate that eventually breaks down to 

generate ADP and H2PO4
-
. H2PO4

- 
will subsequently react with HCO3

-
 to form carboxyphosphate 

and water (Fig 2.10, center).  On the other hand, at a distance of only 4.5 Å away from the γ-

phosphate, the oxygen atom of HCO3
-
 may still associate with γ-phosphate directly, leading to 

the formation of the carboxyphosphate intermediate (Fig 2.10, top and center).  

 It is also possible to follow the dissociative mechanism suggested by Harrison and 

Schulten (2012).  Waters 101, 220 and 375 are all within hydrogen-bonding distance to a 

terminal oxygen atom in the γ-phosphate, which can facilitate the breakdown of the Pβ-O-Pγ 

bridge by lengthening the O- Pγ bond to give ADP and H2PO4
-
 (Fig 2.10, top).  H2PO4

- 
will 

subsequently react with HCO3
-
 to lose a water to form carboxyphosphate. In short, with a water 

network close to the γ-phosphate and a nearby HCO3
-
, the structural information obtained was 
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not enough to distinguish one pathway or another for ATP releases its terminal phosphate 

leading to the carboxyphosphate intermediate in BaPurK.   

 With a half-life of 70 ms in solution, carboxyphosphate is short-lived (Mueller et al., 

1994; Thoden et al., 1997).  Its half-life in the reaction of E. coli carbamyl phosphate synthetase 

in 67% DMSO was estimated to be 2.5 min (Powers and Meister, 1978).  This chemical 

instability explains its lack of characterization as an intermediate in the purine biosynthetic 

pathway (Mueller et al., 1994), or its observance in an enzyme structure.  In BaPurK, we propose 

that the carboxyphosphate intermediate is formed when the van der Waals radii of atoms in γ-

phosphate, water, and HCO3
‾
 are in close contact (Fig 2.9 C and Fig 2.10). HCO3

‾
 is positioned 

in a favourable position for reaction by the side chains of R272 and H274 in the J-Loop, and of 

K348 in the ABC-Loop (Fig 2.10).  Next to the carboxyphosphate intermediate is the amine 

(protonated N6
 
atom) of AIR, in order for the intermediate to carboxylate AIR and form N

5
-

CAIR, the amine needs to be deprotonated.  In AcPurK, the side chain of Y152 (equivalent to 

Y153 in BaPurK; italic font to indicate that this is the numbering system for AcPurK) interacts 

with the imidazole ring of AIR, and D153 acts as a base to deprotonate the amine (Fig 2 in 

Dewal and Firestine, 2013; Thoden et al., 2010).  However, in BaPurK, the distances between 

the closest C atoms in Y153 and in the imidazole ring and between both O atoms in D154 and 

the N6 atom of AIR are larger than 6 Å.  In BaPurK, no residues are seen in the structures to 

carry out the deprotonation of AIR.  We suggest a proton relay mechanism, with K348 being 

uncharged (Fig 2.10, top) since its pKa is likely lowered by nearby hydrophobic side chains 

(within 7 Å; I217, L218 and L316) (Ho et al., 2009).  It is notable that these hydrophobic side 

chains are mostly conserved in the 12 species mentioned before.  It is also possible that D154, 

with an O atom 4.2 Å from the N atom of K348, contributes to the uncharged state of K348.  
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With the uncharged K348 and its nearby water molecules, the K348 - water “complex” acts as a 

base to deprotonate the amine of AIR (Fig 2.10, center).  The carboxyphosphate can interact with 

the deprotonated AIR to give the product N
5
-CAIR (Fig 2.10, bottom).  It should be noted that 

the product N
5
-CAIR is not stable.  At 30 

o
C and pH 7.8, it exhibits a half-life of 0.9 min, and is 

even less stable at lower pH (Mueller et al., 1994).  HCO3
‾
 is in contact with conserved residues 

R272, H274 and K348, and active site water molecules.  In this mechanism, the specific side 

chain geometry, not the charge, of R272 is important in promoting the product formation, and 

this explains why the R271K mutation in AcPurK leads to a less active enzyme (Dewal and 

Firestine, 2013).  Since the residues involved in the proposed mechanism, R272, H274 and 

K348, are conserved residues, the proposed mechanism may also apply to other prokaryotic 

PurK systems. 

 In conclusion the structures that were determined give further insights into the reaction 

mechanism of BaPurK by showing bicarbonate bound in the active site near conserved residues 

R272, H274 and K348 and highlighting the importance of the active site water network. Water 

molecules that guide intermediate and product formation in the carboxylation mechanism of 

BaPurK facilitate the proposed mechanism.  
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CHAPTER 3 

DIFFERENCES IN THE PURIFICATION AND SOLUTION PROPERTIES OF PURC GENE 

PRODUCTS FROM STREPTOCOCCUS PNEUMONIAE AND BACILLUS ANTHRACIS 

 

 

*The work in this chapter has been submitted by Tuntland, M.L., Wolf, N.M. and Fung, L. W.-M 

to Protein Expression and Purification with revisions under the same title. 

 

- I will describe my contributions in this chapter. 

- Dr. Wolf provided the purification procedure through the affinity chromatography step and 

obtained initial protein yield results along with mass spectroscopy data for PurC from 

Streptococcus pneumoniae 

- His-tagged PurC constructs were a gift from the Johnson lab from the Center for 

Pharmaceutical Biotechnology, UIC 
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 3.1 Introduction 

 4-(N-succino)-5-aminoimidazole-4-carboxamide ribonucleotide synthetase (PurC) is the 

enzyme that completes the conversion of CAIR to SAICAR, the 8
th

 step, in the de novo purine 

biosynthetic pathway of bacteria. This pathway has been shown to be an essential for virulence 

and an ideal process to target for antimicrobials (Samant et al., 2008). Bacillus anthracis (Ba) 

and Streptococcus pneumoniae (Sp) are two bacteria shown to be severe detriments to public 

health. These Gram-positive pathogens are associated with a decrease in the potency of available 

treatments by acquiring resistance to first line antibiotics (Athamna et al., 2004; Lynch and 

Zhanel, 2010; Sweeny et al., 2011).  To be able to conduct experimentation that leads to drug 

discovery, high yields of pure, soluble recombinant protein of the drug must first be obtained. 

Two recombinant gene products were prepared, BaPurC and SpPurC, using E. coli as the host 

cells. We found that these two proteins, with amino acid sequences of 82.0% homology and 58.6 

% identity, exhibit very different solution properties, leading to a large difference in yields 

during protein purification under identical conditions. The yield for SpPurC (>50 mg per gram of 

cells) is ten times greater than that for BaPurC (<5 mg per gram of cells). Gel filtration column 

chromatography shows SpPurC mostly in dimeric form, where as, up to 70% of BaPurC eluted 

as higher oligomeric forms. Additional CD, fluorescence and molecular modeling 

experimentation, suggest that the difference in exposed hydrophobic surface patches is 

responsible for the different yields.  

 3.2 Experimental Methods and Procedures 

 All material used herein was supplied by Thermo Fisher Scientific, unless specifically 

mentioned. 
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  3.2.1 Expression Vector Design, Expression and Purification 

 PurC genomic DNA from both B. anthracis (ΔANR strain; AE017334.2) and S. 

pneumoniae (TIGR4 strain; AE005672.3) in the pET-15b expression vector (Novagen) created a 

fusion protein construct with an added N-terminal sequence of MGSSHHHHHHSSGLVPRGSH 

to include a His-tag and a thrombin cleavage site. The vector was transformed into 5α Z-

competent E. coli cells (Zymo Research) for DNA isolation and storage. DNA sequences were 

affirmed by Sanger sequencing (DNA Services Facility, Research Resources Center, University 

of Illinois at Chicago) before introducing the plasmid to BL21 competent cells.  

 Plasmid DNA was isolated using PureYield plasmid miniprep system (Promega) and 

transformed into BL21-CodonPlus (DE3)-RIL competent cells (Agilent Technologies), plated on 

Luria-Bertani (LB) medium agar plates containing 0.1 mg/mL ampicillin and incubated 16 - 18 h 

at 37 °C. Single colonies were chosen at random and grown overnight in 4 mL LB with 0.1 

mg/mL ampicillin. For comparison, the competent cells used for both plasmids were from the 

same lot. 

 To study the protein expression level with whole cell electrophoresis 50 μL of overnight 

culture was added to 4 mL LB containing 0.1 mg/mL ampicillin and allowed to shake at 37 °C 

until the optical density at 600 nm (OD600) reached 0.6 - 0.8. Isopropyl β-D-

thiogalactopyranoside (IPTG; Gold Biotechnology) to a final concentration of 0.5 mM was 

added to the culture (induced sample), and the culture was allowed to grow for an additional 3 h. 

A control was also prepared similarly except IPTG was not added (uninduced sample). 

Following growth, 350 μL of culture was centrifuged to fully pellet the cells. The pellets were 

resuspended in 30 μL of loading dye (Tris at pH 6.8 (pH value at 25 °C) with glycerol (30%), 

DTT (0.60 M), SDS (0.35 M) and bromophenol blue), boiled for 10 min and centrifuged. The 
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supernatant (5 μL) of each sample was loaded to a homemade 16% (w/v) polyacrylamide gel in 

an electrophoresis setup for a (SDS-PAGE) run (National Diagnostics). Gels were stained with 

AcquaStain (Bulldog Bio). 

 Large scale cell growth was prepared from 8 mL overnight culture, grown in LB media 

(per 1 L) supplemented with ampicillin (0.1 mg/mL) in cell culture flasks (2.8 L) with shaking at 

37 °C. IPTG (0.5 mM final concentration) was added when the OD600 reached 0.6 - 0.8, 

afterwards the cultures were grown an additional 3 h. Cells were harvested by centrifugation at 

4000 x g at 4 °C for 30 min, and stored at -80 °C until processed.  

 Frozen cell pellets (8 - 9 g) were re-suspended in 75 mL of a binding buffer (50 mM Tris 

buffer at pH 8.0, with 500 mM NaCl and 10 mM imidazole) with 1% Triton X-100, protease 

inhibitor cocktail for His-tag proteins (Sigma; 250 μL), deoxyribonuclease I (Sigma; ~ 2 mg) and 

lysozyme (Sigma; ~ 2 mg). Solutions were stirred for 30 - 45 min at 4 °C. Cell suspensions were 

homogenized by sonication in a Rosette cell on ice slurry, continuously for 10 min, with a Vibra 

cell (Sonics & Materials) at 60% output power. Cell debris were pelleted at 35,000 x g 

centrifugation for 30 min.  

 Lysates were loaded to a Ni-NTA agarose (Qiagen) column (50 mL), equilibrated with the 

binding buffer (defined above), and the column was connected to a UV detector/pump system 

(UA-6/TRIS; ISCO). Proteins not bound to the column were collected until the UV detector 

showed a flat baseline again. This was followed by loading a column volume of  wash buffer (50 

mM Tris buffer at pH 8.0, with 500 mM NaCl and 25 mM imidazole). The bound protein was 

then eluted from the column with a elution buffer (50 mM Tris buffer at pH 8.0, with 500 mM 

NaCl and 500 mM imidazole). Serial dialysis was used with Tris buffer with imidazole (20 mM 

Tris buffer at pH 8.0, with 50 mM NaCl and 50 mM imidazole; 4 L) for 3-4 h, then in a Tris 
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buffer without imidazole (20 mM Tris buffer at pH 8.0, with 50 mM NaCl; 4 L) for 14-16 h. 

Proteins were frozen drop wise (20-40 μL per drop) in liquid nitrogen and stored at -80 °C until 

needed. All above purification steps were done at 4 °C. 

 Protein masses were analyzed by mass spectrometry (high-resolution/high- mass, LTQ-FT 

spectrometer, Research Resources Center, University of Illinois at Chicago), and compared with 

the expected sequence masses calculated from the ExPASy Server using the ProtParam tool 

(Gasteiger et al., 2005). 

  3.2.2 His-PurC Characterization 

   3.2.2.1 Solution Properties 

 To further analyze their hydrodynamic masses, a Superdex 75 (10/300 GL column; GE 

Healthcare), equilibrated with filtered and degassed buffer (20 mM Tris buffer at pH 7.4 at 25 

°C, or pH 7.8 at 4 °C, with 50 mM NaCl and 3 mM DTT) on an FPLC system (ÄKTA Academic 

Edition; GE Healthcare). The column was calibrated using low molecular weight (LMW) 

calibration kit (GE Healthcare), containing Blue Dextran 2000 (>2,000,000 Mr), conalbumin 

(75,000 Mr), ovalbumin (43,000 Mr), carbonic anhydrase (29,000 Mr), ribonuclease A (13,700 

Mr) and aprotinin (6,500 Mr). Blue Dextran 2000 and ovalbumin were each made as separate 

samples. Calibration was carried out in the same buffer used for protein purification with 

Superdex 75. Samples (500 μL at a concentration of 1 - 2 mg/mL) were injected at a flow rate of 

0.5 mL/min. A calibration curve using Mr values versus corresponding elution volumes of 

components in the calibration kit, was used to determine the hydrodynamic masses of PurC 

proteins. 

  Protein samples were thawed in ice slurry and centrifuged at 20,800 x g for 1 min prior to 

loading to the column. Protein samples (500 μL at 3 mg/mL) were injected at a flow rate of 0.5 
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mL/min. Fractions were collected, analyzed and saved for further experimentation. FPLC 

purification was conducted at 25 °C.  

 SDS-PAGE was performed to analyze the large-scale purification step, similar to that of 

whole cell electrophoresis, except the samples were not boiled. Samples of lysate, unbound 

proteins and bound proteins of each preparation from affinity column purification were analyzed. 

Since the soluble fraction from cell lysate of BaPurC was much less, as compared to SpPurC, the 

insoluble fraction of BaPurC was also prepared, by re-suspending the cell pellet in 8 M urea, 

boiled for 10 min and centrifuged to collect the supernatant. 

   3.2.2.2 Thermal Stability by CD Spectroscopy 

 Circular dichroism (CD) measurements at 10 μM protein concentration, in the same buffer 

used in gel filtration, were obtained with a spectropolarimeter (JASCO J-810 with a Peltier 

Temperature Controller). The CD spectra were obtained from 200 to 250 nm at 25 °C with a 

cuvette path length of 0.1 cm. Signal was converted to Δε for secondary structure composition 

and comparison using the web server K2D3 (Louis-Jeune et al., 2012). 

 Thermal denaturation was used to assess the relative stability of the overall secondary 

structure of each protein by monitoring the signal at 222 nm as a function of temperature. Again 

protein concentration was 10 μM in the same buffer as above, and the temperature was increased 

at a rate of 1.0 °C/min from 25-75 °C for BaPurC and 25-65 °C for SpPurC. Signal was 

converted to fraction unfolded by treating the beginning datum as 0% unfolded and the last 

datum as 100% unfolded. The apparent transition temperature (Tm) was taken from the point at 

which 50% of the sample was unfolded, as well as the Boltzmann fit, using a two state transition. 
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   3.2.2.3 Structure Prediction and Model Building 

 Amino acid sequences were analyzed for hydrophobic content with the ExPASy Server 

using the ProtParam tool (Gasteiger et al, 2005), aligned using the Clustal W (Larkin et al., 

2007) and were displayed for comparison using Jalview (Waterhouse et al., 2009). For structural 

comparison the model building server 3D-JIGSAW  (Bates et al., 2001) was used to predict the 

tertiary structure, by generating a PDB model of BaPurC, since there is no published structure 

available. PyMOL (Schrödinger, LLC) was used to model the quaternary structure of the BaPurC 

dimer, based on the dimer structure of SpPurC (PDB code: 4FE2) (Wolf et al., 2014) Chimera 

was used to interpret the hydrophobicity of the surface of each structure (Pettersen et al., 2004). 

   3.2.2.4 Hydrophobic Surface Evaluation 

 Protein samples of both BaPurC and SpPurC in 20 mM Tris buffer (pH 7.4 at 25 °C or pH 

7.8 at 4 °C) with 50 mM NaCl and 3 mM DTT were prepared in 100 μL volume at a final 

concentration of 7 μM, containing 5X SYPRO Orange. After gently mixing samples were 

allowed to equilibrate for 5 min at 25 °C. Samples were measured in a quartz cuvette on a 

JASCO FP-6200 with an ETC-272T temperature controller. Single point measurements were 

taken with excitation at 490 nm (Lo et al., 2004) and emission at 575 nm at  25 °C.  

   3.2.2.5 Enzymatic Activity Assay 

 Activity of each PurC was tested using MGA, since ATP is hydrolyzed to give free 

phosphate in the conversion of CAIR to SAICAR. The reaction solution was 50 mM Tris buffer 

(pH 8.0), 100 mM NaCl, 1 mM MgCl2, 0.01% Triton, 0.3 % DMSO, 0.1 mg/ml BSA, 2.4 mM L-

Asp, 40 μM ATP and 20 μM CAIR. Conditions used are from SpPurC kinetic data (unpublished 

work), which was similar to the E.coli data (Nelson et al., 2005). The reaction was initiated with 

0.5 μM enzyme and allowed to react for six minutes at 25 °C. Reaction volumes of 70 μL were 
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quenched with 17.5 μL malachite green dye (BioAssay Systems; Cat# POMG-25H) in 384 well 

format (Pegan et al., 2010). Negative controls lacked BaPurC. Absorbance values at 630 nm on a 

Perkin-Elmer Victor
3
 V 1420 multilabel counter.  

 

 3.3 Results 

  3.3.1 His-PurC Purification and Characterization 

 The calculated masses, including the added N-terminal His-tag segments, were 29,700.8 

Da for BaPurC and 29,166.0 Da for SpPurC. Mass spectroscopy analysis resulted in a mass of 

29,569.3 Da for BaPurC, a difference of 131.5 Da, and 29,034.9 Da for SpPurC, a difference of 

131.1 Da. The initial methionine, prior to the His-tag, was absent. Otherwise, each protein 

(BaPurC and SpPurC) was as designed. 

 The whole cell electrophoresis gel intensities of carefully controlled, paired growth of cells 

containing SpPurC and BaPurC plasmids, clearly showed inducible over-expression. The pixel 

density of each induced band was approximately 4X higher than its corresponding uninduced 

band, as analyzed with Alpha Imager  (Fig 3.1). Whole cell electrophoresis runs were done on 

multiple paired growths of BaPurC and SpPurC cells. Those shown in Fig 3.1 are representative 

ones. 

 For SpPurC, from 8 - 9 g of wet cells (obtained from 4 L growth), about 500 mg of protein 

(~95% pure) was obtained from the affinity column elution (Fig 3.2 A). However, for BaPurC, 

from the same amount of cells (8 - 9 g of wet cells), only about 50 mg of protein (~85% pure) 

was obtained (Fig 3.2 B). Using gel filtration as a second step of purification yielded minimal 

SpPurC loss, while up to 70% of BaPurC was lost to aggregation, bring the total dimeric BaPurC 

to ~15 mg (< 2 mg per g of cell).   
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Figure 3.1: Whole cell SDS-PAGE of Sp/BaPurC. Lane 1: LMWS; lanes 2 and 3 SpPurC 

uninduced and induced respectively; lanes 4 and 5 BaPurC uninduced and induced respectively. 

Expected protein mass indicated with black arrows (~30 kDa). Samples of 5 μL were loaded to 

each lane.  
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Figure 3.2 SDS PAGE analysis of a typical protein prep using Ni-NTA column 

chromatography of each PurC construct. A) SpPurC prep. lane 1: LMWS;  lane 2: cell lysate; 

lane 3: unbound protein fraction; lane 4: bound protein fraction. B) BaPurC prep. lane 1: LMWS;  

lane 2: cell lysate; lane 3: unbound protein fraction;  lane 4: bound protein fraction; lane 6: 

insoluble fraction. 5 μL of each sample lysate, unbound and insoluble fraction were loaded, 

along with 15-20 μg of eluted soluble protein, to separate wells.  
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  3.3.2 His-PurC Oligomeric States 

 Size exclusion column chromatography (Superdex 75) elution profiles showed that SpPurC 

eluted as a dimer with a hydrodynamic mass of 56 kDa (expected mass from sequence was 

58,069.8 Da) (peak A; Fig 3.3), whereas BaPurC showed that up to 70% of the protein eluted in 

the void volume (peak C; Fig 3.3) , and only about 30% eluted as a dimer (55 kDa, with dimer 

expected mass from sequence of 59,138.6 Da; peak B; Fig 3.3). The void volume peak for 

BaPurC appeared as mostly a single band at ~30 kDa on the gel (lane 8; Fig 3.3 inset), indicative 

of BaPurC oligomers. The samples used for all susequent experiments were from the eluted 

dimer peaks from gel filtration. 
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Figure 3.3: Gel filtration elution profiles of BaPurC and SpPurC overlaid. BaPurC elution is 

shown as dashed line while SpPurC elution is shown as a solid line. Equal amount of each 

sample was injected onto the column. Each fusion protein dimer has a mass of ~58 kDa. SpPurC 

showed a solution mass of ~56 kDa, peak A. BaPurC showed a solution mass of  ~ 55 kDa, peak 

B. The elution shows ~70% BaPurC loaded to the column eluted in the void volume, peak C, 

while ~30% eluted at a volume expected of the dimer. SpPurC eluted almost fully as a dimer. 

Inset: SDS PAGE analysis of typical peaks obtained using gel filtration chromatography using a 

Superdex 75 of each PurC construct. lane 1: LMWS; lane 2: SpPurC before column; lane 3: 

SpPurC after column; lane 5: BaPurC before column lane 6: BaPurC after column; lane 8: 

BaPurC void volume peak. Approximately 15-20 μg of soluble protein was loaded to separate 

wells.  
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  3.3.3 His-PurC Stability and Hydrophobic Surface 

 The CD spectra of the two proteins are generally similar (Fig 3.4 inset), with the secondary 

content of about ~30% of helical structure and ~15% beta structure as given from K2D3 (Fig 3.4 

inset). 

 The thermal unfolding experiments showed slightly different Tm of each protein, with 

BaPurC at 57 °C and SpPurC at 52 °C. Values of Tm are from both the Boltzmann fit and taken 

at 50% unfolded of two trials. Plots of fraction unfolded along with are shown in Fig 3.4.  
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Figure 3.4: Fraction unfolded as a function of temperature monitored by CD signal at 222 nm. 

Data are shown from averages of duplicates, SpPurC (●) BaPurC (□). 10 μM protein was heated 

at a rate of 1 °C/min. Data was normalized by setting the starting point to "0" and the ending 

point to "1". The apparent Tm was taken from the average of the two runs where half of 

the sample was unfolded (horizontal solid line at 0.5). SpPurC was 51.5 °C and BaPurC was 56.5 

°C. Data were also fitted with the Boltzmann equation using Origin software (red fitted lines), 

matching the above values. Inset: CD spectra of both SpPurC and BaPurC experimental (symbols 

same as unfolding) and fitted spectra using K2D3 (solid lines). 
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 The alignment of the sequences from BaPurC (262 residues) and SpPurC (255 residues), 

both with the added N-terminal His-tag segment, reveals that BaPurC and SpPurC exhibit 58.6% 

sequence identity and 82.0% sequence similarity (Fig 3.5). However, BaPurC consists of more 

hydrophobic residues than SpPurC (98 to 89 residues, respectively) and also has a larger grand 

average of hydropathicity score  (-0.305 for BaPurC and -0.418 SpPurC) showing that BaPurC is 

more hydrophobic (Gasteiger et al., 2005). The predicted structure of BaPurC and the x-ray 

structure of SpPurC (PDB code: 4FE2) are very similar, with an RMSD of < 0.7 Å. A dimer 

model was created and used for analysis and interpretation, since SpPurC is a dimer (Wolf et al., 

2014). The hydrophobic representation (Pattersen et al., 2004; Kyte and Doolittle, 1982) of the 

generated surface indicated that the exposed surface area of BaPurC dimer is more hydrophobic 

than SpPurC, as shown in Fig 3.6. More hydrophobic patches are seen on one face of the BaPurC 

dimer, as compared to SpPurC, while on the other dimer face the distribution appears to be 

similar for both species.  

  



72 

 

   

 

 

Figure 3.5: Sequence alignment of the PurC constructs. They have 58.6% identity and 82.0% 

similarity. Identical residues are shown in black boxes and white letters. The N-terminal Hist-tag 

is boxed and labeled. 
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Figure 3.6: Hydrophobic representations of the dimer surfaces. SpPurC (4FE2: left) and BaPurC 

(constructed dimer from 3DJIGSAW model: right). 180° rotation of each dimer is shown next to 

the surface face of interest. The large view of BaPurC has a higher density of hydrophobic (more 

red) surface area compared to SpPurC. Surfaces were generated using Chimera, and colored 

using the Kyte-Doolittle scale. Residues are colored blue, hydrophilic (R, K, H, D, E, Q, N) to 

red, hydrophobic (L, V, I, F, M, C, A).  
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 Experiments using SYPRO Orange showed BaPurC had a higher average fluorescence 

intensity (350 ± 10 (A.U.); n=4) with 5X SYPRO Orange at 7 μM protein than SpPurC (214 ± 25 

(A.U.; n=6) (Fig 3.7). Since SYPRO Orange binds hydrophobic areas, a higher fluorescence 

signal indicates that more hydrophobic interactions are accessible to the dye in BaPurC.  

  3.3.4 PurC Enzymatic Activity 

 Using MGA to detect activity of each PurC enzyme showed that they are similarly active 

with BaPurC producing 70 ± 18pmol Pi/min/μg (n=8) and SpPurC producing 80 ± 15 pmol 

Pi/min/μg (n=9). Under the same conditions both samples of dimer-formed enzymes appear to 

function equally well. 
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Figure 3.7: Comparison of hydrophobic surface and enzymatic activity. On the left is the data 

from SYPRO orange detection. BaPurC (white bars) has a higher average fluorescence intensity 

(350 ± 10 (A.U.); n=4) with 5X SYPRO Orange at 7 μM protein than SpPurC (gray bars) (214 ± 

25 (A.U.); n=6). The right side of the graph shows enzymatic activity using malachite green. 

BaPurC produced 70 ± 18 pmol Pi/min/μg (n=8) and SpPurC produced 80 ± 15 pmol Pi/min/μg 

(n=9) 
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 3.4 Discussion and Conclusion 

 Our goal was to prepare large quantities of viable protein to perform high throughput 

screening, in hopes of identifying new antimicrobials targeting the de novo purine pathway of the 

aforementioned specific pathogens. The data showed that there are clear differences in the 

solubility properties between BaPurC and SpPurC that affected the protein yield in each stage of 

the purification process. During the cell lysis step SpPurC remained highly soluble, while a large 

fraction of BaPurC was insoluble and remained in the pellet after centrifugation. Thus, the yield 

for the affinity column chromatography step is lower for BaPurC. Furthermore, the soluble 

BaPurC appears to form oligomers, as demonstrated in gel filtration step. Under the same 

conditions, SpPurC eluted as mostly a dimer form, while a large amount BaPurC eluted in the 

void volume, with a smaller fraction in the dimer form. 

 Hydrophobic surface detection with SYPRO Orange along with structural modeling 

analysis showed a more exposed hydrophobic surface area in BaPurC. Seemingly creating a 

hydrophobic driven association/aggregation throughout the purification process. Which also 

contributed to the large amount of BaPurC trapped in the insoluble fraction during cell lysis, and 

eluted as aggregates in void volume in gel filtration run. Consequently, BaPurC exhibited a 

slightly higher unfolding temperature, with its Tm value as ~57 °C, and SpPurC exhibited a 

slightly lower unfolding temperature, with its Tm value as ~52 °C, in part due to the higher 

hydrophobic surface area. 

 In conclusion, PurC is an excellent drug targeting protein. To identify inhibitors, large 

amounts of recombinant proteins are needed. Two PurC proteins, from Gram-positive 

Streptococcus pneumoniae and Bacillus anthracis exhibit high sequence similarity and identity. 

However, they exhibit very different solution properties, leading to a ten-fold difference in yield 
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in their recombinant protein preparation, with about 50 mg per gram of cells for His-tagged 

SpPurC, but only 5 mg per gram of cells for His-tagged BaPurC after the first purification step 

and < 2 mg per g of cell after a second step. We suggest that a larger hydrophobic surface on 

BaPurC, as compared with SpPurC, leads to a hydrophobic driven association/aggregation in 

solution for BaPurC. Thus it is much more difficult to prepare BaPurC then SpPurC, under the 

same conditions and will be more time consuming to prepare for high throughput screening.  
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CHAPTER 4 

HIGH THROUGHPUT SCREENING FOR INHIBITORS OF SAICAR SYNTHETASE 

(PURC) FROM BACILLUS ANTHRACIS 

 

*Part of the work in this chapter is being prepared into manuscript form to be submitted by 

Tuntland, M.L and Fung, L. W.-M under the title:  

 

Substrate Independent ATPase Activity of SAICAR Synthetase: Implications in High 

Throughput Screening Setup. 
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4.1 Introduction  

 High throughput screening (HTS) has been heavily relied upon in the 

biochemical/biomedical since the turn of the century (Mishra et al., 2008). Being able to screen 

tens of thousands of conditions per day is easily obtainable with advancements in automation 

(Liu et al., 2004; Bleicher et al., 2003; Wolcke and Ullmann, 2001). Malachite green is a 

common reagent used to measure the activity of enzymes that release inorganic phosphate during 

catalysis (Itaya and Ui, 1966) Due to its low cost and ease of use, it is an appealing choice for 

primary screening in a high throughput setting (Pegan et al., 2010).  Utilizing a malachite green 

assay (MGA) to screen towards the discovery of novel drugs can be applied against a variety of 

enzymes with NTPase (Bharat et al., 2013; Chang et al., 2008; Rowlands et al., 2004). However, 

multi-step reactions may have an impact on results obtained in a high throughput setting, thus 

procedural setup for bench top and HTS settings must be accounted for. 

 4.2 Experimental Methods and Procedures. 

  4.2.1 GST Construct Design and Purification 

 The BaPurC gene (ΔANR strain; AE017334.2; 239 amino-acid residues) was cloned into 

a pDEST15 (N-terminal GST-tag) expression vector using Gateway technology (Invitrogen). A 

thrombin cleavage site (LVPRGS) was introduced between the GST-tag and PurC to allow the 

removal of GST from the expressed fusion protein. A GST fusion protein was chosen to 

circumvent any residual interference that imidazole purification could have on enzyme activity, 

since the substrate has an imidazole ring. The sequence of the gene, in the expression vector was 

verified by Sanger sequencing (DNA Services, Research Resources Center, University of 

Illinois). 
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 Cell growth, slightly different from those described in Chapter 3, was carried out in a 

bench top 2 L fermenter (BioFlo 110, New Brunswick Scientific) at 37 °C in 2 L of TB medium 

with ampicillin (0.1 g/mL) until OD600 reached 1.0, then temperature was lowered to 30 °C and 

then growth was induced with IPTG (0.5 mM) followed by additional growth for 2 h. The cells 

were harvested by centrifugation with 4000 x g at 4 °C for 30 min, re-suspended in Tris buffer 

(50 mM at pH 8.0) with 1% Triton and sonicated to lyse the cells. Cell debris were pelleted at 

35,000 x g centrifugation for 30 min. 

 The fusion protein was purified from lysate using GSH resin affinity column (Sigma-

Aldrich) chromatography. The GST-fusion protein eluted with 5 mM GSH Tris buffer and was 

dialyzed in Tris buffer (50 mM at pH 8.0) with bovine thrombin (BioPharm Laboratories) to 

cleave GST from BaPurC, which was then removed by passing over GSH resin again. BaPurC 

further purified by gel filtration. Protein was concentrated to 160 µM and frozen drop-wise in 

liquid nitrogen and stored at -80 °C.  

 The purity of the prepared protein was determined by SDS-PAGE. The mass was 

determined by high-resolution/high-mass mass-spectrometric methods (LTQ-FT spectrometer, 

Research Resources Center, University of Illinois).  

  4.2.2 Malachite Green Assay for HTS 

 Purified BaPurC (0.5 μM) was tested for ATPase activity in 50 mM Tris buffer (pH 8.0), 

with 100 mM NaCl, 1 mM MgCl2, 0.01% Triton, 0.3 % DMSO, 0.1 mg/ml BSA, 2.4 mM L-Asp 

and 40 μM ATP. The reaction was initiated with the addition of 20 μM CAIR and allowed to 

react for six minutes at ~25 °C. Reaction volumes of 70 μL were quenched with 17.5 μL 

malachite green dye (Pegan et al., 2010). Dye was prepared fresh daily following Baykov et al. 

(1988). Negative controls lacked BaPurC. Absorbance values at 633 nm (± 10 nm) were then 
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recorded. An automated system using a Tecan Infinite 200 Pro microplate reader, with clear flat 

bottom 384 well plates, was utilized to carry out HTS (University of Illinois at Chicago RRC 

HTS facility). A diverse compound library from ChemBridge (Express-Pick) was used to screen 

BaPurC at a compound concentration of 29 μM. Each plate of the library was run in back to back 

duplicates. A total of 25,600 compounds were screened in duplicate. Enough solutions and 

reagents were prepared to screen 6,400 compounds in duplicate per day and taken to the 

screening facility. Dye was prepared fresh daily following Baykov et al. (1988). 

 To assess the quality of the high throughput screen Z'-factor was calculated following the 

equation and symbol definitions from Zhang (1999): 

 

 Where σc+ and σc- are the standard deviations of the positive and negative controls μc+ and 

μc- are the means of the positive and negative controls, respectively. Reliable assays produce Z’-

factors between 0.5 and 1.0, while 1.0 is considered a perfect assay (Zhang et al., 1999). 

  4.2.3 Redesigned Malachite Green Assay 

 The reaction solution was 50 mM Tris buffer (pH 8.0), with 100 mM NaCl, 1 mM 

MgCl2, 0.01% Triton, 0.3 % DMSO, 0.1 mg/ml BSA, 2.4 mM L-Asp, 40 μM ATP and 20 μM 

CAIR. The reaction was now initiated with 0.5 μM enzyme and allowed to react for six minutes 

at ~25 °C. 

 4.3 Results 

  4.3.1 GST-PurC 

 The designed fusion protein had an expected mass sequence mass of 55,981.5 kDa, with 

the cleaved BaPurC having an expected molecular mass of 27,818.8 Da. Once cleaved six 
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additional residues, GSHMLD, remained at the N-terminus before the PurC protein. The 

observed mass was only 0.2 Da different at 27,818.6 Da, confirming the expected construct. 

Typically, the yield of the fusion protein was 4-5 mg per g of cell and  ~2 mg/g of cell for 

purified BaPurC, comparable to His-BaPurC (section 3.3.1) 

 SDS-PAGE showed that > 95% purity was obtainable after gel filtration (Fig 4.1). 

 

 

 

 

 
 

Figure 4.1: SDS-PAGE of purification steps of BaPurC from GST fusion protein. The gel on the 

left shows: lane 1: LMWS; lane 2: GST fusion protein; lane 3: Sample after thrombin cleavage. 

The gel on the right shows: lane 1: LMWS; lane 2: BaPurC before gel filtration; lane 3: BaPurC 

after gel filtration. 
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  4.3.2 Z'-Factor from HTS 

 The average Z'-factor of the completed runs was 0.85, a value from 160 plates (Fig 4.2), 

validating the assay. 
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Figure 4.2: Z'-factor plot from the MGA HTS of BaPurC. Each data point is the Z'-factor 

calculated from the duplicate run of each plate of library compounds. The red line at 0.85 is the 

overall Z'-factor of the entire screening process. Black lines at 0.5 and 1.0 indicate the 

boundaries of an excellent assay as defined by Zhang et al. (1999).    
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  4.3.3 Potential BaPurC Inhibitors 

 The screening of 25,600 compounds from ChemBridge Express-Pick collection gave 16 

compounds with inhibition averages of at least 30%. All of the hits came from plates with Z' 

higher than 0.7. Although no specific core presented itself in these hits, a few of the molecules, 

showing the highest inhibition, did contain a piperazine moiety and almost all contained multiple 

aromatic groups (Table 4.1). Confirmation of the activity inhibition has not yet been conducted 

on the hit compounds. 
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Table 4.1: HTS hits identified with inhibition activity above 30% inhibition 

ChemBridge molecule 
Ave. Inhibition (%) 

(n=2) 
ChemBridge molecule 

Ave. Inhibition (%) 

(n=2) 

 

43 ± 2 
 

36 ± 1 

 

40 ± 3 

 

33 ± 11 

 

40 ± 0 
 

33 ± 4 

 

39 ± 9 

 

32 ± 5 

 

39 ± 2 
 

31 ± 1 

 

39 ± 1 

 

31 ± 10 

 

39 ± 7 
 

30 ± 3 

 

36 ± 1 
 

30 ± 5 
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  4.3.4 Time-Dependent Positive Control Signal Increase  

 In our analysis of the data collected, a unexpected trend was noticed. In general, the 

signal of the positive control steadily increased over the length of the day of screening and would 

repeat in subsequent days as shown in (Fig 4.3). Each plate contained 32 positive controls and 32 

negative controls, data points are averages of each plate's respective control. Three days of 

screening are shown to reveal similar trends. 
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Figure 4.3: Positive and negative control average per plate of HTS. Each point is an average of 

32 wells of the respective control (■ - positive and * - negative). 40 plates could be run on each 

day. Screening started within an hour of initial sample preparation. A repeating trend can be 

seen, that the positive control gradually increases over the course of a day.  
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 To better understand the cause of the unusual trend, the order of which the components 

were added to initiate the reaction, namely CAIR and BaPurC, was inspected.  A calibration 

curve of 0-40 μM Pi was used for phosphate concentration comparison (Fig. 4.4). Four 

conditions were tested and monitored over 8 h: 1) BaPurC was incubated with L-Asp and ATP, 

and the reaction initiated by the addition of the substrate, CAIR; 2) the same condition with no 

enzyme added or 3) no CAIR added and 4) L-Asp, ATP and CAIR together, with the reaction 

initiated by the addition of BaPurC.  Malchite green dye was added after six minutes. These 

experiments were carried out in a clear 384 well plate and measurements read at A630 on a 

Perkin-Elmer Victor
3
 V 1420 multilabel counter, using reagent from BioAssay Systems (Cat# 

POMG-25H) (Fig 4.5).  

 Initial data indicated that the order of addition of CAIR or BaPurC did not affect the 

results at up to 1 h after solutions were prepared at 25 °C, but as the length of time increased up 

to 8 h, in which BaPurC was allowed to incubate with ATP, more phosphate was detected, even 

without the addition of CAIR. While the conditions where BaPurC were added last or lacked 

enzyme, remained fairly constant over 8 h (Fig.4.5). Individual samples of stocks prepared at 

time 0 h were initiated, allowed to react for six minutes, quenched with MG and were read at 1 h, 

4 h and 8 h.  

  



90 

 

   

 

 

Figure 4.4: [Pi] calibration curve 0-40 μM using malachite green. The same 384 well format and 

volume parameters (70 μL + 17.5 μL malachite green), as reaction samples were used. 

Triplicates were run and read on a Perkin-Elmer Victor
3
 V 1420 multi-label counter, with 

measurements taken at A630. 
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Figure 4.5: Four solution conditions tested over the same time period (8 h) used in high 

throughput screening. Including, the reaction initiated by the addition of CAIR (■; n=10), the 

same condition with no enyzme (*; n=10), or no CAIR added to PurC, L-Asp and ATP (□; n=5) 

and lastly, the reaction initiated by the addition of BaPurC (●; n=5). Individual samples of stocks 

prepared (0 h) and equilibrated at 25 °C, were initiated, allowed to react for six minutes, 

quenched with MG and  were read at 1 h, 4 h and 8 h at A630. 
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 4.4 Discussion and Conclusion 

 

 

 

 

 

 
Figure 4.6: PurC mechanism as proposed for PurC from Streptococcus pneumoniae. A six-step 

mechanism for product conversion is shown. Steps 1 and 2 show ATP hydrolysis and a 

phosphate relay prior to the involvement of CAIR. This mechanism helps to explain substrate 

independent ATPase activity. Figure reprinted with permission from IUCr;                                      

<a href="http://dx.doi.org/10.1107/S139900471303366X">Acta Cryst. (2014).D70,841-850</a>. 

 

http://dx.doi.org/10.1107/S139900471303366X
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  4.4.1 Mechanistic Insight from the Multiple Component Assay 

 When the HTS was conducted, information on the mechanism of PurC indicated that 

direct activation of the carboxylate by the γ-phosphate of ATP was the most likely mode of 

product formation (Nelson et al., 2005; Ginder et al., 2006). Not until more recently was more 

information available showing that a phosphate relay could be utilized between ATP and 

conserved glutamate residues to activate CAIR (Wolf et al., 2014; Fig 4.6). Data collected here 

appears to correlate with this proposal, in that BaPurC showed CAIR independent ATPase 

activity under the conditions tested. Malachite green has been for HTS used on numerous 

enzymatic systems, with multiple procedural setups and some not clearly stated as to the order 

the reaction is supplemented (Turk et al., 2009; De Leon et al, 2006; Sim et al., 2002). Caution is 

advised as to the setup of multi-component assays as this may not only affect expected results 

also impact the overall Z'-factor, since the separation of the control signals increase of the course 

of a day of HTS. 

  While the initial experimentation needed to be redesigned, the results have nonetheless 

given unexpected insights into the enzymatic action of BaPurC.  A detailed investigation of 

analyzed results showing the pitfall of substrate independent ATPase activity revealed in a HTS 

that used MGA, these results imply that this assay feature could occur in other systems. 
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-carboxyaminoimidazole ribonucleotide synthase (PurK) from Bacillus anthracis 
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*Publication is "Reproduced with permission of the International Union of Crystallography" 
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Table S1: 

Table of ligand atom contacts and distances for ligands in 3QFF, 3R5H and 3V4S. 
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ADP/ATP N1 V185(N) 2.7 V185(N) 2.8 V185(N) 2.8 V185(N) 2.8 V185(N) 2.7 V185(N) 2.9

N3 H2O 639 3.0 H2O 403 3.0 H2O 390 3.0

N6 E182(OE2) 2.8 E182(OE2) 3.1 E182(OE2) 2.9 E182(OE2) 3.0

K183(O) 2.8 K183(O) 3.0 K183(O) 2.8 K183(O) 3.1 K183(O) 3.0 K183(O) 3.0

N7

N9

O2' E190(OE1) 2.7 E190(OE1) 2.8 E190(OE1) 2.7 H2O 390 3.0 E190(OE1) 2.6

O3' E190(OE1) 3.1 E190(OE2) 2.8 E190(OE2) 3.0 E190(OE2) 2.7 E190(OE2) 2.8 E190(OE2) 2.6

H2O 656 3.0 H2O 571 3.2

O4' N216(ND2) 3.3 N216(ND2) 3.1

O5' Q158(OE1) 3.2 H2O 355 3.0

O1A H2O 509 2.7 Mg2+ 2.1 Mg2+ 2.4 Mg2+ 2.1 Mg2+ 2.1

K183(O) 3.0 H2O 579 3.3 H2O 571 3.1 H2O 370 3.1 H2O 268 3.0

N267(ND2) 2.9 N267(ND2) 3.0 N267(ND2) 3.2 N267(ND2) 3.1 N267(ND2) 3.2 N267(ND2) 3.2

H2O 656 3.1

O2A R107(NH2) 3.0 R107(NH2) 3.1

K147(NZ) 2.8 K147(NZ) 2.8 K147(NZ) 2.7 K147(NZ) 2.6 K147(NZ) 2.8 K147(NZ) 2.8

Q158(NE2) 3.0

E268(OE2) 2.9

O3A R107(NH2) 2.7 R107(NH1) 3.0

H2O 526 2.9

O1B H2O 526 3.1 H2O 473 2.6 Y153(N) 3.3

E255(OE1) 2.7 G155(N) 2.8 G155(N) 2.8

E268(OE1) 2.9 E268(OE1) 2.9 N216(ND2) 3.1

E268(OE2) 2.9

O2B R107(NH1) 2.7 E255(OE2) 3.0 H2O 473 3.1 R107(NH1) 2.5 R107(NH2) 2.7

E268(OE1) 3.0 E268(OE2) 3.1 E268(OE1) 2.9 E268(OE2) 3.0 E268(OE1) 3.0

H2O 101 2.2

H2O 129 3.1

O3B H2O 509 2.6 Mg2+ 2.7 Mg2+ 3.2 Mg2+ 2.1 H2O 368 3.2

H2O 410 3.0

H213(NE2) 2.8 N216(OD1) 3.0 R107(NH2) 3.0 E268(OE1) 3.3 H2O 101 3.4

H2O 656 2.7

O1G E255(OE2) 3.2

Mg2+ 2.2

H2O 368 3.1

O2G D154(N) 2.8

H2O 368 2.9

H2O 375 2.7

O3G H2O 101 2.0

H2O 220 3.3

Mg2+ H2O 656 2.7 H2O 473 3.1 H2O 370 2.2 H2O 268 2.0

H2O 579 2.7 H2O 571 2.5 H2O 410 2.7

H2O 387 2.2 H2O 611 2.6

H2O 466 3.0

E255(OE1) 2.6 E255(OE1) 2.3

E268(OE1) 2.2 E268(OE1) 2.2 E268(OE1) 2.0 E268(OE1) 2.2

ADP (O1A) 2.1 ADP (O1A) 2.4 ADP (O1A) 2.1 ATP (O1A) 2.1

ADP (O3B) 2.7 ADP (O3B) 3.2 ADP (O3B) 2.1 ATP (O1G) 2.2

Mg2+at L269 H2O 183

AIR N3 Y153(OH) 3.0 H2O 576 2.7

N6 H2O 388 2.7 H2O 479 2.6

H2O 658 2.5 H2O 604 3.0

O2' E76(OE1) 2.5 E76(OE1) 2.5

L19(N) 3.1

O3' E76(OE2) 2.5 E76(OE2) 2.6

H2O 550 3.5 H2O 451 3.2

H2O 608 3.1

O4' Q18(OE1) 3.4 H2O 394 2.9

O5' K340(NZ) 3.3 H2O 394 3.1

H2O 395 2.9

O6 H2O 629 3.3 R347(NH2) 3.0

H2O 432 2.7

H2O 578 2.4

O7 R347(NH2) 3.1 K340(NZ) 2.9

R347(NE) 2.7

H2O 599 3.0 H2O 424 2.8

O8 R347(NE) 2.5

H2O 463 3.2

HCO3¯ O1 R272(NH2) 2.8 R272(NH2) 2.8

H274(NE2) 3.3 H274(NE2) 3.4

H2O 375 3.0

O2 R272(NH1) 2.8 R272(NH1) 2.7

H2O 12 2.8 H2O 41 3.1

O3 K348(NZ) 3.4 K348(NZ) 3.4

H274(NE2) 3.4 H274(NE2) 3.4

3V4S (ADP/ATP)3R5H (ADP)3QFF (ADP)

*Distances in Angstroms (Å)

*H2O in RED believed to be involved in transfer in our proposed mechanism

 ChA (Active Site 1) ChB (Active Site 2) ChA (Active Site 3) ChB (Active Site 4) ChA (Active Site 5) ChB (Active Site 6)

3QFF (ADP)

 ChA (Active Site 1) ChB (Active Site 2)

3R5H (ADP)

ChA (Active Site 3)

ChB (Active Site 4) ChA (Active Site 5) ChB (Active Site 6)

3V4S (ADP/ATP)

ChA (Active Site 5) ChB (Active Site 6)

3QFF (ADP) 3R5H (ADP)

ChB (Active Site 4)

3V4S (ADP/ATP)

3QFF (ADP) 3R5H (ADP) 3V4S (ADP/ATP)

 ChA (Active Site 1) ChB (Active Site 2) ChA (Active Site 3)

ChA (Active Site 5) ChB (Active Site 6) ChA (Active Site 1) ChB (Active Site 2) ChA (Active Site 3) ChB (Active Site 4)
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Figure S1:  

Alignment of baPurK amino acid sequence to that of 11 other PurKs for differing organisms; including 

from Archaea (Sulfolobus solfataricus), Bacteria (Gram-negative; Escherichia coli, Vibrio cholerae, 

Aquifex aeolicus; Gram-positive; Bacillus subtilis, Staphylococcus aureus; No Gram-stain; 

Mycobacterium leprae, Mycobacterium tuberculosis), Fungi (Aspergillus clavatus, Saccharomyces 

cerevisiae) and Plantae (Vigna aconitifolia). White letters in black boxes are strictly conserved residues 

throughout the 12 organisms. Loops are boxed and color-coded as in Fig 1A of text. A-Loop (green),      

B-Loop (blue), ABC-Loop (orange), DT-Loop (purple), J-Loop (cyan), P-Loop (red) and Ω-Loop 

(yellow). 
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Figure S2: 

Shown is a series of omit maps that were generated by setting the occupancy of the bicarbonate atoms to 

zero and re-refining the structure 3V4S-B. The top panel shows all three maps; mFo-DFc (dark blue), 

2mFo-DFc (orange) and 3mFo-2DFc (teal) at 3.5, 1.5 and 2.5 σ, (0.28, 0.43, and 0.78  e
-
/Å

3
)   respectively, 

from a top-down view. The enzyme (green) is depicted as a cartoon representation, with the side chain of 

R272 shown in a stick representation as an anchor for orientation. The bottom three panels show the 

individual maps; mFo-DFc, 2mFo-DFc and 3mFo-2DFc (left to right) rotated 90° to give the side view, 

confirming the correct trigonal planar density. 

   

R272

mFo-DFc at 3.5 σ 3mFo-2DFc at 2.5 σ2mFo-DFc at 1.5 σ

R272

R272R272
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Figure S3: 

Shown is a mFo-DFc omit map (dark blue mesh)  focused on HCO3
- (red and yellow) and its proximity to 

R272 (cyan) and K348 (orange) from 3V4S-B. The map was generated by setting the occupancy of all the 

atoms from HCO3
-
, R272 and K348 to zero and re-refining the structure. The mFo-DFc map is contoured 

to 3.0 σ (0.24  e-/Å3). 

R272 K348

HCO3
-

mFo-DFc at 3.0 σ
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Figure S4: 

Shown is the environment of water 479 from 3R5H-B (same position as water 41 in 3V4S-B)  that acts as 

a base in our mechanism, we propose that a hydrogen is removed by K348 (orange) to allow water 479 to 

deprotonate the exocylic amine of AIR. The water displays typical tetrahedral geometry, interacting with 

the O2 atom of bicarbonate and both of the amine groups from AIR and K348 of the modeled active site. 

It also hydrogen bonds with water 385 of 3R5H-B. Dashed lines are possible hydrogen bonds available 

within 3.4 Å. 
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