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SUMMARY

Chapter 1 is an introduction to the project.  It explains the concept of the approach as well

as methods used to carry out the research plan.

Chapter 2 details of a high throughput screening of molecules binding to BaPurE, the

docking methods, enzymatic assay and MIC measurements that resulted in the identification of 6

hit compounds with enzymatic inhibition and antimicrobial activity.

Chapter 3 is a study of solution properties of BaPurE in buffers of different ionic strength. 

Spectroscopical methods are employed to examine the molecular properties of BaPurE in

solution.

Chapter 4 is a study of BaPurE unfolding with chemical denaturant Gdn-HCl or urea to

further explain BaPurE confirmation in solution with different ionic strength.

xiii



CHAPTER 1

1  INTRODUCTION

1.1  Antibacterial Resistance

1.1.1  Resistance in Bacteria

Antibacterial drug has made its first appearance in medicine in the early 1900s with

evidence of its usage tracing back to 350 - 550 CE.  Antibacterial agents soon became one of the

most successful methods to control infectious diseases in history of medicine (Aminov, 2010). 

Since the initial discovery of penicillin in 1928, the modern antibiotic era began with additional

discovery of different classes of antibacterial agents.  Common class of antibacterial agents are

beta-lactams, macrolides, fluoroquinolones, tetracyclines and aminoglycosides.  Currently, the

rise of bacterial resistance to drugs has become a concern in medicine due to the ever-larger toll

it takes on lives of infected people while delivery of new leads has become increasingly more

difficult.  Some of the resistant bacteria have become a concern including methicillin-resistant

Staphylococcus aureus (MRSA).  The need for a new class of antibiotic is an urgent issue that

must overcome issues such as high cost of development and decreasing rate of discovery of new

antibacterial agents.

1.1.2  Mechanism of Resistance

A spectrum of mechanisms are employed by the bacteria to develop antibiotic resistance

trait.  Some of the modes of resistance involve efflux pump where the bacteria pump the

antibiotic agents outside the cell or a modified porin that prevents antibiotic agents from being

taken up by the bacterial cell.  Enzymatic inactivation of â-lactam by â-lactamase has also been

1



reported in antibiotic resistance (Nordmann et al., 2012).  Antibacterial resistance occurs when

environment stressor is applied that selects for pre-existing drug-resistant trait.  Discoverer of

penicillin, Alexander Fleming, pointed out in his acceptance speech for the Nobel Prize in 1945

in physiology or medicine that high dosage is the key to treating bacterial infection.  The logic in

this was that if fewer bacteria remained after antibacterial drug treatment, the likelihood of the

remaining bacteria to proliferate to develop resistance is low (Kupferschmidt, 2016).

1.2  Bacillus anthracis

B. anthracis is a Gram-positive pathogenic bacterium and is a primary biological warfare

threat.  Its spores were weaponized for aerosol delivery in 1991 during the Gulf War (Brook et

al., 2001) with a potential to become a tool of biological terrorism (Webb, 2003).  Current

treatment for B. anthracis infection is ciprofloxaxin, a second-generation fluoroquinolone

effective in treating both Gram-positive and Gram-negative bacterial infection (Karginov et al.,

2004).  However, a number of clinical failure to achieve bacterial eradication using existing

broad-spectrum fluoroquinolones such as ciprofloxacin was reported (Ball et al., 2002),

increasing the potential for development and spread of bacterial resistance.  In the case of

ciprofloxacin, treatment failure is due to the agent’s poor activity against Gram-positive

pathogens (Lee et al., 1991).  The need for a new antibacterial agent is evident. 

1.2.1  de novo Purine Biosynthetic Pathway

For most organisms including B. anthracis, de novo purine biosynthetic pathway is an

essential metabolic pathway (Zhang et al., 2008) due to its critical up-regulation during B.

anthracis infection when compared in vitro levels (Bergman et al., 2007).  Unlike the salvage

pathway that recycles intermediates in the degradative pathway such as purine bases for

1



nucleotide synthesis, de novo purine pathway builds the purine base from conversion of 5'-

phosphoribosyl pyrophosphate (PRPP) to inosine monophosphate (IMP) by use of cellular

components (Zhang et al., 2008).  Importance of the de novo purine pathway has been

demonstrated as being target for anticancer, antiviral and antibacterial drug development.  The

key difference of this pathway in eukaryotes (including human) and higher prokaryotes compared

to lower prokaryotes (including B. anthracis) is the number of steps needed to complete the DNA

base synthesis.  As shown in Figure 1.1, in eukaryotic or higher prokaryotic organisms, the de

novo pathway is carried out in ten steps by six enzymes  (Zhang et al., 2008).  It was

demonstrated recently that these enzymes can possibly form a large macromolecular cluster

known as the ‘purinosome’ that function more effectively than individual enzymes (Zhao et al.,

2013;  Chan et al., 2015).

2



Figure 1.1.  The de novo purine biosynthetic pathway.
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1.2.2  Enzymes of Prokaryotic Purine Pathway

The major difference in eukaryotes and lower prokaryotes occurs in step six where

5-aminoimidazole ribonucleotide (AIR) is converted to 4-carboxy-5-aminoimidazole

ribonucleotide (CAIR) (Figure 1.1).  For this step, lower prokaryotic organisms use two enzymes,

N -carboxyaminoimidazole ribonucleotide mutase (PurE) and N -carboxyaminoimidazole5 5

ribonucleotide synthase (PurK) while eukaryotic organisms uses carboxyaminoimidazole

ribonucleotide synthase/succinoaminoimidazolecarboxamide ribonucleotide synthetase (Pur6)

which is a bi-functional enzyme without creating the intermediate product N -5

carboxyaminoimidazole ribonucleotide (N -CAIR).  It was revealed through a study that up-5

regulation of nucleotide synthesis during B. anthracis infection involve nine enzymes in the

pathway (Samant et al, 2008). 

1.2.3  N -Carboxyaminoimidazole Ribonucleotide Mutase5

One of the nine essential enzymes in prokaryotic purine pathway was PurE, which

showed significant reduction in in vitro growth of B. anthracis in human serum and did not show

virulence to mice infected with B. anthracis with gene-knockout strain for PurE over a period of

3two weeks (Samant et al., 2008).  PurK catalyzes the conversion of AIR, ATP and HCO to N --  5

CAIR and PurE catalyzes the conversion of N -CAIR to CAIR.5

Crystal structure of N -CAIR mutase from B. anthracis (BaPurE) is a homo-octamer5

constructed as a dimer of tetramers related perpendicular to a two-fold symmetry axis to the four-

fold symmetry axis (Boyle et al., 2005).  A monomer consists of six á-helices that surround the

five stranded â-sheet core (Protein Data Bank (PDB) code:1XMP).  Substrate specificity of

BaPurE and PurE domain of human Pur6 can be used to our advantage in designing an inhibitor

4



specifically for BaPurE.  Active site residues of BaPurE were identified from the crystal structure

of PurE from Escherichia coli (EcPurE) with a ligand nitroaminoimidazole ribonucleotide, NAIR

(PBD code: 2ATE), and confirmed by mutant BaPurE studies (Firestine et al., 2009).

1.2.4  Structure-Based Lead Design

In order to identify new antibacterial agents at a faster pace and at a reduced cost,

structure-based design can be applied (Barker, 2006).  The importance of PurE in purine pathway

makes it a good druggable target to be considered in this approach.  Since the structure of

BaPurE was solved, a structure based lead design can be developed for lead molecule discovery

(Anderson, 2003). 

1.3  Biophysical and Biochemical Methods

1.3.1  Preparation of Recombinant Protein

Polymerase chain reaction (PCR) was used for inserting the gene of the target protein into

a plasmid containing a LacZ promotor for isopropyl â-D-1-thiogalatopyranoside (IPTG) for

induction of the protein expression (Christodoulou and Vorgias, 2002;  Hansen et al., 1998) in E.

coli cells.

For purification of a recombinant fusion protein (protein fused with a tag), affinity

chromatography can be used to accommodate either histidine (His) or glutathione S-transferase

(GST) tag.  His-tag (6 to 20 histidine residues) binds to resin with nickel charged nitrilotriacetic

acid (Ni-NTA) ions while the impurities (other protein without the tag) are washed away, and the

fusion protein is eluted by buffer with high (150 mM) imidazole concentration.  GST tag (~26

kDa) in the fusion protein binds to glutathione (GSH) tagged resin while the impurities are

washed away and eluted by 50 mM Tris (hydroxy methyl) aminomethane (TRIS) buffer with high
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(5 mM) GSH concentration.  Recombinant fusion protein obtained from column is cleaved by a

serine protease via a protease site introduced between a linker and the target protein (Chang et

al., 1985) and separated from the tag by affinity column chromatography again.  The purified

protein can be passed through a size exclusion column to further remove impurities, if present.

1.3.2  Circular Dichroism

1.3.2.1  Far UV Region

Circular dichroism (CD) spectroscopy is a method that uses circularly polarized light to

measure the difference in the absorption of the left-handed and right-handed polarized light by

chiral molecules such as proteins due to its structural asymmetry (Greenfield, 2006).  The signal

that arise from the difference in absorption (or converted to ellipticity) can result in conformation

dependent positive and negative signal while the absence of regular structure will result in no

signal.  From the CD signal, secondary structural elements of á-helices and â-sheets can be

deduced or deconvoluted from its chromophore, peptide backbone, and the repeating geometry in

the far-ultraviolet (UV) region between 190 - 250 nm (Pelton and McLean, 2000).  Characteristic

region for á-helices show minima at 208 and 222 nm, and for â-sheets, the minima appear at 214

- 218 nm depending on the amount of â-sheet structure.  Ellipticity can be normalized to the

number of peptide bonds in the protein as mean residue ellipticity (MRE) and to protein

concentration.  Percentage of á-helices and â-sheets content can be estimated from the

normalized spectrum by various deconvolution algorithms include SELCON, VARSLC,

CDSSTR, K2D and CONTIN (Kelly et al., 2005).

1.3.2.2  Near UV Region

Chromophores of  CD spectra in near-UV region (250 - 330 nm) are aromatic amino acid
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residues such as tryptophan, tyrosine, phenylalanine and disulfide bond where each aromatic ring

involves electron transition from a ground state with filled ð orbital to an excited state with

empty ð* orbital with higher energy (Strickland and Beychok, 1974).  These aromatic

chromophores have a plane of symmetry and are not considered optically active but they give

near-UV CD signal through interacting with nearby groups of amino acid moiety and thus one

can observe additional folding and/or twisting of secondary structural elements that form a

tertiary structure which is the three dimensional conformation of protein structure.   

Near-UV signals in 255 and 270 nm region are attributable to free amino acid residues

and result in either positive or negative signal intensity that may vary dramatically.  Residues that

are immobile gives the strongest signal intensity.  Residue phenylalanine and from 275 and 282

nm region to tyrosine and a peak near 290 nm region with fine structure between 290 to 205 nm

region are attributable to tryptophan residue.  Cystine residue (if any) is expected to show broad

peaks above 240 nm and tends to begin at longer wavelength (>320 nm).  Non-protein cofactors

(if any) contribute by giving rise to broad weak signals throughout the near-UV region.  CD

signals in this region are weaker than those in the far-UV region.  Lower molar extinction

coefficient and lower number of the contributing chromophores are expected compared with far-

UV region whose chromophores are peptide bonds (Kelly and Price, 2000).  Other factors that

influence near-UV CD spectra of aromatic residues include side chain interactions due to the

rigidity of the protein.  The environment of the aromatic side chains are reflected in the near-UV

region, giving information about the tertiary structure of the protein (Kelly and Price, 2000). 

Inner core of most native proteins consist of more rigid or hydrophobic residues such as

phenylalanine, tyrosine, and tryptophan.  It is common for tyrosine and tryptophan residues to be
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spatially close to each other, behaving as chromophores that are chirally perturbed, absorbing

near-UV light that results in a characteristic bands in the spectrum.  Although it is challenging to

make assignment of these CD bands, its fine structure can potentially be a sensitive reporter of

geometrical interaction between the phenol and indole rings of the tyrosine and tryptophan pair

with a distinctive signal at 290 nm (Farkas et al., 2016).

1.3.3  Denaturation

The extent of denaturation of a protein by a particular type of perturbation can be a

measurement of its stability.  Addition of temperature gradient or chemical agents such as urea or

guanidine hydrochloride (Gdn-HCl) to a native protein will induce unfolding.  The change from

native state to unfolded state of the protein can be monitored by various spectroscopic methods.

1.3.3.1  Thermal Denaturation

Applying increasing levels of heat to a natively folded protein will disrupt hydrogen

bonds and hydrophobic interactions that results in unfolding.  The protein stability can be

mquantified by the value of a transition temperature (T ) where half of the given protein becomes

munfolded.  Changes in T  of a protein under two different conditions can provide information

about the protein structure under these conditions (Kranz and Schalk-Hihi, 2011).

1.3.3.2  Chemical Denaturation

Chemical denaturants urea and Gdn-HCl interact with different part of the protein,

causing certain parts of the protein to be exposed to the solvent, and thus unfolding the protein

(Monera et al., 1994).  However, not all hydrophobic groups are buried and not all hydrophilic

groups are exposed.  Recently, it has been suggested that the protein surface stability can be

changed by additives that manipulate the aqueous environment of the protein (von Hippel, 2016)
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It has been demonstrated that the free energy of unfolding depends on denaturant

concentration from which denaturant m-value can be derived (Myers et al., 1995).  The m-value

show strong correlation with the difference between the amount of exposed surface area of a

protein in its native and fully unfolded state.  Thus, accessible surface area difference roughly

equals to the size of the protein.  The size related structural information can be obtained for

proteins that undergo reversible two-state unfolding mechanism.

1.3.4  Size Exclusion Chromatography - Hydrodynamic Size

Protein in a solution may exhibit different oligomeric states (monomers, dimers, etc.). 

Hydrodynamic size of a protein may be obtained with a size exclusion column.  A calibration

avcurve of a semi-log plot of K  and molecular mass of a set of proteins known to form monomers

avin solution, with K  = (elution volume - void volume)/(total volume - void volume), can be used

to determine the hydrodynamic molecular weight of a given protein.  The void volume was

measured by blue dextran (2000 kDa) for a given column, total volume was the geometric

column volume calculated as r AðAcolumn height, and elution volume was for a given standard2

protein (other than blue dextran).

1.3.5  Assay

1.3.5.1  Thermal Shift Assay - Fluorescence

As discussed in section 1.3.3.1, stability of a protein can be estimated by temperature

m minduced unfolding of a native state by calculation of T .  One of the methods to measure T

values was a fluorescent dye called Sypro Orange (SO) as a probe.  Sypro Orange is hydrophobic,

and when it in an aqueous environment, little fluorescent signal is detected.  When a protein is in

native state in a solution, Sypro Orange finds very few hydrophobic pockets on protein surface,
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and exhibits little fluorescence signal.  As the protein unfolds thermally, hydrophobic regions are

exposed, and Sypro Orange selectively binds to them, resulting in increased emission signal. 

Stability of the protein can then be calculated by fitting the unfolding curve to obtain the

mtemperature at where half of the protein is unfolded (T ).

When the protein is stabilized through compound binding, the change in this protein

mstability upon binding the compound can be detected using this assay through a shift of T  to a

higher value (Lo et al., 2004). 

1.3.5.2 Assay for PurE Activity and Inhibition - UV Spectroscopy

As discussed in section 1.2.3, BaPurE catalyzes the conversion of N -CAIR to CAIR, and5

BaPurE also catalyzes the conversion of CAIR to N -CAIR.  Due to instability of N -CAIR,5 5

which decomposes to AIR, the conversion of CAIR to N -CAIR is used to determine the enzyme5

activity.  Absorbance maximum of CAIR overlaps with the absorbance maximum of N -CAIR at5

around 253 nm (Meyer et al., 1992).  Thus, the disappearance of CAIR can be more accurately

monitored at 260 nm where contribution of N -CAIR is minimized (Meyer et al., 1992).  The5

initial rate of the disappearance of CAIR is monitored over a period of time where the

relationship is linear.

 Enzyme inhibition is monitored by addition of inhibitor compound in activity assay. 

When the inhibitor occupies available active sites and/or competes with substrate binding, the

rate of disappearance of substrate is expected to decrease to indicate reduction of enzyme

activity.

1.3.6  Tryptophan Fluorescence  

Local conformation of a particular residue in a protein can be probed by fluorescence if
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the residues emit fluorescent radiation such as the aromatic residues that absorb light followed by

emission of light of a longer wavelength (Royer, 2006).  Aromatic residues such as phenylalanine

and tyrosine have lower extinction coefficient and quantum yield compared to tryptophan (Royer,

2006), making them less ideal for fluorescent excitation but useful nonetheless.  Tryptophan

residue fluorescence is sensitive to perturbation of its local environment (Vivian and Callis,

2001), and thus can be monitored exclusively even in the presence of phenylalanine and tyrosine

residues, with excitation wavelength of 295 nm.  

maxThe maximum emission wavelength (ë ) of tryptophan residue is correlated with the

degree of solvent exposure to tryptophan.  For example, 309 nm suggests hydrophilic

environment where the residue is fully buried, 335 nm suggests that the residue is partially

buried, and 355 nm suggests polar environment where the residue is fully exposed (Royer, 2006). 

The signal intensity from tryptophan also provides information on the polarity of local

environment. The intensity is reduced upon exposure to water or other quenching molecules such

as acrylamide or potassium iodide (KI).  These molecules are known to interact with the excited

chromophore and yields a product that decays via a non-radiative pathway that results in a

diminished fluorescence signal (Moller and Denicola., 2002).  The accessibility of a tryptophan

residue to the added quenchers is used to probe the location of the tryptophan residue which may

SVreflect the flexibility of a protein molecule.  Stern-Volmer constant (K ) for rate of quenching

can be determined by measuring the fluorescence intensity or the fluorescence life time as a

function of quencher concentration from the Stern-Volmer plot (Strambini and Gonnelli, 2010). 

BaPurE has a single tryptophan residue per monomer (eight per octamer) that is well exposed to

the solvent, according to its x-ray structure.
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1.3.7   High Throughput Screening

High throughput screening (HTS) method screens for molecules that inhibit the activity

of an enzyme or that bind an enzyme.  The molecules to be screened are in a chemical library.  A

384-well plate is usually used to carry out the screening reaction.  One of the method to screen

mfor compounds binding to an enzyme is to detect the increase of T  due to enzyme stabilization

by compound binding.  A real time-PCR (RT-PCR) instrument provides accurate and steady

temperature increase and monitors fluorescence intensity at various wavelength.  The

mexperimental data are analyzed by a program associated with the instrument to give the T  values

of each samples in the wells of the 384-well plate.

The quality of the HTS is assessed by Z’-factor calculation (Zhang et al., 1999).  Z’-factor

between 0.5 to 1.0 is expected for reliable assays and 1.0 for a perfect assay (Zhang et al., 1999). 

Variability in average values examined by evaluating the HTS assay quality.  Screening window

coefficient Z’-factor was determined between the positive and negative control as an indicator of

signal and background separation (Macarron and Hertzberg, 2009).   
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CHAPTER 2

A HIGH THROUGHPUT SCREENING FOR INHIBITORS OF PURE FROM

BACILLUS ANTHRACIS

Identification of Bacillus anthracis PurE Inhibitors with Antimicrobial Activity. Anna Kim , Nina†

M. Wolf , Tian Zhu, Michael E. Johnson, Jiangping Deng, James L. Cook, Leslie W.-M. Fung. †

Bioorganic & Medicinal Chemistry 23 (2015) 1492-1499.

 These two authors contributed equally.†

*My contribution to this paper is described in this chapter.

The full article is presented in Appendix A

2.1  Introduction

The rise of antibacterial drug resistance is currently at an alarming rate.  The rate of

discovery for new antibacterial agent is on the decline, and, of the drugs that are in development,

bacteria have developed resistance before they even reached the market (Kupferschmidt, 2016). 

Discovery of new antibacterial agent for critical pathway in bacterial metabolism is needed

(Murima et al., 2014).  Importance of purine biosynthetic path for bacterial virulence in infected

host has been demonstrated (Bergman et al., 2007) and especially the dependence of virulence on

the steps involving the enzyme PurE (Samant et al., 2008).  Despite the structural and sequence
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similarity between bacterial PurE and eukaryotic PurE domain of Pur6, each enzyme show high

specificity for its own substrates which makes PurE a good target for inhibitor design.

In this chapter, a HTS thermal shift assay using SO fluorescent probe was employed for

recombinant BaPurE to identify molecules that bind to the enzyme (Fung group: AJ and Nina M.

Wolf).  Hits from the screening were further selected by structure based in silico docking

(Johnson group: Tian Zhu) and by enzyme inhibition assay (Fung group: Anna K. Jones). 

Minimum inhibition concentrations (MIC) were determined for compounds that were found to

bind and inhibit the enzyme (Cook group: Jiangping Deng).  MIC values were obtained against

B. anthracis (ÄANR strain), E. coli ÄTolC  (BW25113 strain), S. Aureus for both methicillin-

susceptible strain (MSSA) and methicillin resistant strain (MRSA), F. tularensis  and for Y.

Pestis.  A common core structure, 1-carboxyamido-1,3,4-oxadiazole, was found for compounds

with MIC values of 0.5 - 0.15 ìg/mL against B. anthracis (Fung group: Anna K. Jones).

2.2  Experimental Procedures

2.2.1   Sample Preparation 

(Fung group, AJ and Nina M. Wolf)

Recombinant BaPurE was prepared by Nina M. Wolf (Fung group).  pDEST15-BaPurE

vector containing ampicillin resistant gene, BaPurE gene (BA0288) from B. anthracis (ÄANR)

tagged with GST with a linker containing the thrombin cleavage site (sequence:

PWSNQTSLYKKAGSLVPRGSH) was expressed in GST-BaPurE E. coli BL21c+ cells.  The

overnight cell culture was initially grown in 50 mL of Luria broth (LB) medium at 37 °C and was

transferred to a fermentor instrument (Bioflo 110, New Brunswick, Enfield, CT) with 2 L of

Terrific broth (TB) medium with 0.3 mM ampicillin.  Cells were grown for 3 hours at 37 °C and
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was induced with 1 mM IPTG at reduced temperature (25 °C) for 3 hours.  Nonionic surfactant

was added to cell followed by sonication and centrifugation to give cell lysate.  GST-PurE fusion

protein was purified from the cell lysate by a glutathione affinity column (Sigma-Aldrich) in

phosphate (5 mM) buffered saline pH 7.4 with 150 mM NaCl (PBS).  For the elution of the

fusion protein, fresh 5 mM GSH in 50 mM TRIS buffer at pH 8.0 was used.  Bovine thrombin at

concentration of 1 unit per 1mg fusion protein was used to cut the fusion protein.  BaPurE was

purified from the GST-tag and/or any uncleaved fusion protein by the affinity column and was

stored in PBS at -80 °C.  Purity of BaPurE sample was determined by sodium dodecyl sulfate

polyacrylamid gel (16%) electrophoresis (SDS-PAGE).  The prepared protein was confirmed as

BaPurE by mass spectometry at the DNA Services Facility at Research Resources Center,

University of Illinois at Chicago (UIC) and by activity assay.  All thawed samples underwent

centrifugation (Sorvall Legend RT at 3400xg for 2 minutes) before usage.

2.2.2  Thermal Unfolding Assay with Positive Control

(Fung group, AJ and Nina M. Wolf)

BaPurE (10 ìM) in 25 mM or 50 mM TRIS aminomethane buffer (prepared by overnight

dialysis at 4 °C with 1:500 protein to buffer ratio) at pH 8.0 with no NaCl (25TRIS8-0 or

50TRIS8-0) was thermally unfolded from 25 to 70 °C in the presence of 5X Sypro Orange

(Invitrogen, Carlsbad, CA) prepared from 5000X stock solution in anhydrous dimethylsulfoxide

(DMSO).  Conductivity and pH of the buffer were measured using a conductivity probe (YSI

3417) and a pH probe (Thermo Fisher Scientific), respectively.  Change in Sypro Orange

fluorescence over a temperature gradient was monitored with a fluorescence spectrometer (Jasco

FP-6200) with excitation wavelength of 490 nm and emission wavelength of 563 nm.  NAIR, an
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inhibitor of PurE, was used as a positive control (at 10 mM concentration) to verify the binding

induced stability in BaPurE both 25TRIS8-0 or 50TRIS8-0 buffer. 

mT  was determined by Boltzmann fit, assuming two state function.  The fit was made

from the lowest fluorescence intensity baseline to the highest fluorescence intensity between

around 45 to 55 °C.

2.2.3  High Throughput Screening by RT-PCR

(Fung group, AJ and Nina M. Wolf)

Multiple batches of BaPurE samples were combined (about 100 mg) and dialyzed for 16

hours at 4 °C in 25TRIS8-0.  24,917 compounds in DMSO (10 mM stock) from a chemical

library (Life Chemicals, Burlington, Canada) were delivered with other components of the assay

to the wells in the 384-well white plate (Abgene SuperPlate, Fisher Thermo Scientific) by a

liquid handling system (Freedom Evo, Team, Mannedorf, Germay) at the HTS facility at UIC. 

Each plate, prepared as a batch of 10 or 20, was sealed by plastic films (Applied Biosystems,

Foster City, CA) to prevent solvent evaporation and was stored at 4 °C between sample

preparation and thermal denaturation to run, which was between 10 to 30 minutes.  Total of 156

plates for the library compounds in duplicate plus control samples in about 60,000 wells were run

by Fung group (AJ and Nina M. Wolf) on RT-PCR instrument (ViiA7, Applied Biosystems,

Carlsbad, CA).  NAIR was used as the positive control.  Wells with just Sypro Orange provided

background fluorescence signal and BaPurE, Sypro Orange with 1% DMSO were used as

control.  Optimal excitation wavelength as well as instrument fluorescent filter settings for the

RT-PCR instrument was determined by Nina M. Wolf.  Filter x1 (470 ± 15) and emission filter

m2 (558 ± 12) was used to monitor the change in the 5X Sypro Orange signal over a temperature
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range of 25 to 95 °C at a temperature increase rate of 0.075 °C/s.  The entire run time per plate

was about 20 minutes.  

2.2.4  Hit Selection and Assay Evaluation

(Fung group, AJ with Nina Wolf)

Experimental data were analyzed by the Protein Thermal Shift Software (Applied

m mBiosystems) to give Boltzmann transition temperature (T ) of each unfolding profile.  ÄT  was

m m mcalculated for each compound based on its deviation from control T  (ÄT  = T  with compound

m m- T  without compound).  Compounds that were eliminated first were those ÄT  values between

mduplicate runs were greater than 1.0 °C.  Hit compounds were those whose ÄT  was between 1.0

to 20.0 °C, a range of thermal shift values suggested by literature (Ferguson et al., 2011;

Sainsbury et al., 2011; Sun et al., 2011). 

Z’-factor was determined (See also 1.3.7) to assess the quality of the HTS.  The following

C+ C C+ C- equation was used for Z’-factor calculation:  Z’ = 1 - (3 ó  +3 ó -) / | ì  - ì |

m C+ C+where the average T  value (ì ) and its standard deviation (ó ) were calculated from wells

mcontaining NAIR, a known inhibitor of BaPurE (thus it binds to BaPurE). The average T  value

C- C-(ì ) and its standard deviation (ó ) without NAIR.  

2.2.5  In Silico Screening

(Johnson group, by Tian Zhu)

The hit compounds were further screened by structure based in silico active site docking

by first preparing 3D structural of each hit compound (using LigPrep, Schrödinger) to its most

energetically and structurally favorable conformation from the “simplified molecular-input

line-entry system ” (SMILES) strings.  Active site information was obtained from published
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structure of PurE (EcPurE) with a ligand (PDB: 1D7A).  GOLD v5.0.1 (Cambridge

Crystallographic Data Centre; Cambridge, United Kingdom) was used to dock the converted

compound structures to the active site of the EcPurE where the ligand, AIR, is bound.  Size of

the active site was defined with a binding site sphere with radius of 10 D centered around AIR.  

2.2.6  Enzyme Activity and Inhibition Assay 

Enzymatic activity of BaPurE was obtained by monitoring the reverse conversion of

CAIR to N -CAIR by BaPurE (Meyer et al., 1992; Tranchimand et al., 2011).  Enzyme activity5

260was determined from the rate of disappearance of substrate CAIR in ÄA /Ät.  The rate was

converted to specific activity using the extinction coefficient of CAIR, 8930 M  cm .  Specific-1 -1

activity determined in literature reported the extinction coefficient of CAIR as 10500 M  cm-1 -1

and reduced it to 8930 M  cm  to account for the appearance of N -CAIR in the enzymatic-1 -1 5

reaction (Constantine et al., 2006).  The absorbance of CAIR was monitored using a UV-Vis

spectrophotometer (Genesys10).  

The activity of 10 nM BaPurE in 25TRIS8-0 plus 1% DMSO (to be consistent with

compound inhibition activity measurements with the compound stocks being in DMSO) with

260substrate CAIR (29 ìM) was obtained from the absorbance of CAIR at 260 nm (A ) as a

function of time for every 5 seconds for 1.5 min to give the linear portion of the data (slope =

initial rate).  BaPurE inhibition activity was determined by introducing a known inhibitor NAIR

(10 ìM final concentration) to the assay to be compared to BaPurE activity in absence of NAIR. 

To determine the activity with a given compound, BaPurE was incubated with the compound for

1.5 min prior to the addition of CAIR.  Inhibition activity was determined with the following

compound  BaPurEequation: % inhibition = 100 - (Rate / Rate  × 100)
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260Inhibition activity results of 79 compounds in DMSO with constant A  readings (at 10

ìM) in the absence of enzyme were used.  Enzyme inhibition activity was tested at compound

concentrations of: 50 ìM, 20 ìM, and 10 ìM.  BaPurE (20 nM) and each compound (20 ìM)

was incubated at 20 C for 1.5 minutes to maximize enzyme exposure to the compound before

addition of equal volume of CAIR (final concentration for BaPurE was 10 nM, CAIR was 30

ìM, compound was 10 ìM with 1% DMSO) to start the assay. 

2.2.7  Minimum Inhibitory Concentration

(Cook group, by Jiangping Deng)

Minimum inhibitory concentration (MIC) values of the hit compounds were determined. 

A commercial antibiotic, ciprofloxacin was used as a positive control for this study.

2.3  Results

m2.3.1  Dependence of ÄT  on Ionic Strength

The unfolding profile of BaPurE in Figure 2.1 show decrease in fluorescence intensity

until sharp increase was seen between 45 - 50 °C followed by another decrease past 50 °C.  The

initial decrease in fluorescence intensity was less pronounced (as shown in Figure 2.1) with stock

mSO that underwent less (less than 3 times) freeze-thaw cycle.  The difference in T  of BaPurE in

25TRIS8-0 (1200 ìMHO) and 50TRIS8-0 (2600 ìMHO) was 4.9 °C (Figure 2.1).  

Thermal unfolding of BaPurE with NAIR (10 mM) was monitored in the two buffer

conditions (25TRIS8-0 or 50TRIS8-0 ).  Conductivity of 25TRIS8-0 was 1300 µMHO and

m50TRIS8-0 was 2600 µMHO.  The T  shifted in 25TRIS8-0 with binding of NAIR was by 5.0 °C

in 25TRIS8-0 and 1.0 °C in 50TRIS8-0 buffer (Figure 2.2).  Signal from fluorescence of NAIR

and 5X SO did not interfere with the fluorescence signal of BaPurE unfolding. 
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Figure 2.1.  Thermal unfolding of 10 ìM BaPurE in 25TRIS8-0 (G) or 50TRIS8-0 buffer (F)

using 5X Sypro Orange as a probe with excitation at 490 nm and monitoring the fluorescence

m mintensity at 563 nm.  T  in 25TRIS8-0 = 45.7 °C, T  in 50TRIS8-0 = 50.6 °C.
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Figure 2.2.  Thermal unfolding of 10 ìM BaPurE in 25TRIS8-0 or 50TRIS8-0 buffer using 5X

Sypro Orange as a probe with excitation at 490 nm and monitoring the fluorescence intensity at

m m563 nm.  (A) T  in 25TRIS8-0 (G) = 45.6 °C, with 10 mM NAIR (#) = 50.6 °C (B) T  in

50TRIS8-0 (F) = 50.0 °C, with 10 mM NAIR (!) = 51.0 °C.  Fluorescence intensity without

BaPurE (×) and only 5X SO (*) was monitored for signal interference.
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2.3.2  Hit selection and Z’-Factor for Assay Reliability

m C-The average T  value on the plates without NAIR was 47.8 °C (ì ) with a standard

C- C+deviation of 0.3 °C  (ó ) (n = 32 across 2 plates), and with NAIR (10 mM) was 53.4 °C (ì )

C+with a standard deviation (ó ) of 0.5 °C (n = 32 across 2 plates).  Z’-factor was 0.56. 

mThe average T  value BaPurE without compound (control) was 47.6 ± 0.6 °C (n = 4499

macross 156 plates).  525 thermal shift hits were identified by ÄT  analysis which was further

narrowed down by molecular docking selection.  GOLD docking scores assigned to docking of

known substrate and inhibitor, CAIR and NAIR respectively, to the active site yielded 55 for

both molecules.  Compounds with docking scores greater than or equal to 55 were selected from

docking analysis, yielding 79 compounds.

2.3.3  Inhibition Activity

A typical enzymatic activity of 10 nM BaPurE in 25TRIS8-0 was shown in Figure 2.3. 

The initial rate of 10 nM BaPurE in 25TRIS8-0 was calculated from the linear portion of the

260negative slope of the substrate concentration (A ) verses time.  Enzymatic activity of 10 nM

260BaPurE in 25TRIS8-0 was 0.0086 ± 0.0028 A /min (n = 100).

The average activity of BaPurE with 15 compounds (at 10 ìM, several compounds

260showed precipitation at 100 µM concentration) with inhibition was 0.0073 ± 0.00197 A /min (n

= 37) with an average inhibition of 15%.  A run of activity of BaPurE with and without

260compound LC1 is shown in Figure 2.3.  The rate with LC1 was -0.0077 A /min and without

260LC1 was -0.0109 A /min.  Inhibition of LC1 was 29% determined from the ratio of slope of

reaction with and without LC1.  Total of 79 compounds were tested for BaPurE inhibition, 65

compounds showed no inhibition.  Table 2.1 showed individual % inhibition of each compound
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determined by using individual control pair values.    

Figure 2.3.  Activity of 10 nM BaPurE in 25TRIS8-0 (1300 ìMHO) was monitored by UV-Vis

spectroscopy at 260 nm for monitoring the disappearance of substrate CAIR (30 ìM).  Enzyme

activity was monitored by incubating BaPurE with compound LC1 (#) or with 1% DMSO (×) for

2601.5 minutes at 20 °C before addition of CAIR.  The rate with LC1 was -0.0077 A /min and

260without LC1 was -0.0109 A /min.  Inhibition of LC1 was 29% determined from the ratio of

slope of reaction with LC1 and without LC1 expressed as percentage. 
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Table 2.1.  Inhibition of BaPurE by hit compounds from HTS.

Cpd Code

Rate with cpd (A260/min) Rate without cpd (A260/min) Avg inha

(%)
Run1     Run2 Run3 Run4 Run5 Run6 Avg SD Avg SD n

LC1 0.0072 0.0066 0.0066 0.0052 0.0073 0.0052 0.0064 0.00084 0.0087 0.00066 10 27
LC2 0.0070 0.0075 0.0073 0.00035 0.0090 0.00109 10 19
LC3 0.0062 0.0042 0.0065 0.0056 0.00125 0.0065 0.00042 8 13
LC4 0.0041 0.0041 0.0041 0.00000 0.0051 0.00058 8 19
LC5 0.0055 0.0049 0.0052 0.00042 0.0065 0.00057 4 20
LC6 0.0044 0.0078 0.0061 0.00240 0.0072 0.00205 5 15
LC7 0.0070 0.0070 N/A 0.0097 0.00085 4 28
LC8 0.0088 0.0098 0.0093 0.00071 0.0116 0.00196 6 20
LC9 0.0088 0.0083 0.0099 0.0090 0.00082 0.0109 0.00118 5 17
LC10 0.0087 0.0081 0.0084 0.00042 0.0102 0.00072 5 17
LC11 0.0074 0.0074 N/A 0.0086 0.00032 3 14
LC12 0.0049 0.0082 0.0045 0.0059 0.00203 0.0067 0.00153 3 12
LC13 0.0092 0.0102 0.0097 0.0097 0.00050 0.0109 0.00118 5 11
LC14 0.0097 0.0099 0.0098 0.00014 0.0105 0.00085 3 7
LC15 0.0105 0.0086 0.0086 0.0092 0.00110 0.0098 0.00110 6 6

Values were averages, specific to the individual run with each compound.a
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2.3.4  Minimum Inhibitory Concentration

MIC values of compound LC1 - LC5 against B. anthracis were 0.05 to 0.15 ìg/mL.  The

rest of the tested compounds showed larger (>12.5 ìg/mL) MIC values against B. anthracis, F.

Tularensis and Y. Pestis.  A summary of HTS of BaPurE for inhibitors is shown in Figure 2.4.

2.3.5  Identification of a Core Structure

Among the six of the fifteen tested compounds with low MIC values (0.05 to 0.78

ìg/mL), a common core structure, a 2-carboxamido-1,3,4-oxadiazole, was identified (Table 2.2). 

1The most common R  group structure is 2,5-dichlorobenzene.
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mTable 2.2.  The thermal shift (ÄT ) of BaPurE induced by compounds (100 ìM) and inhibitory activity of compounds (10 ìM) toward

BaPurE in 25 mM TRIS buffer.  Also listed are the MIC values of the compounds against various bacterial strains.

 Compound mÄT  (°C) Inhibition (%) MIC (ìG/mL)a b

BaPurE BaPurE Ba Ft Yp MSSA MRSA EcÄTolCc  c c c c c

LC1 2.0 27 0.15 6.25 > 12.5 0.29 0.39 0.29

LC2 7.9 19 0.10 3.1 > 12.5 > 12.5 6.25 0.39

LC3 1.9 13 0.10 > 12.5 > 12.5 > 12.5 > 12.5 > 12.5

LC4 2.4 19 0.10 6.3 > 12.5 0.2 > 12.5 0.02

LC5 1.1 20 0.05 1.6 3.1 0.78 1.95 0.07

LC6 1.4 15 0.78 1.2 3.1 1.56 3.13 0.39

NAIR 5.4 24 ND ND ND ND ND ND

Ciprofloxacin ND ND 0.11 0.03 0.04 0.35 0.34 0.01d

Linezolid ND ND 2 32 ND 2 ND NDe f g

m m m m ÄT  = T  - T , with the average transition temperature for BaPurE (T ) as 47.6 C from high throughput screening, with n =a Ec E E o

m4878.  T  values were average values from replicate runs in high-throughput screening.  For NAIR, n = 32.  Values were averages,Ec b

with n = 2 - 4 with the standard deviations ~ 7%.  Ba = B. anthracis (ÄANR strain) cells; Ft = F. tularensis cells; Yp = Y. pestis cells;c

MSSA = S. aureus (methicillin susceptible strain 29213) cells; MRSA = S. aureus (methicillin-resistant strain 43300) cells; EcÄTolC =

E. coli (BW25113 ÄTolC) cells.  ND = not determined.  Henver et al., 2012.  Ramadoss et al., 2013. Kreizinger et al., 2013.d e f g
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Table 2.3.  The structures of the inhibitor compounds in Table 1.  These compounds include a

1 2core structure of 2-carboxamido-1,3,4-oxadiazole, with various R  and R  groups.

                         

1 2Compound R R

LC1 thiophene 1-(toluene-4-sulfonyl)-1,2,3,4-tetrahydro-quinoline

LC2 2,5-Dichlorobenzene 2-Phenyllepidine

LC3 2,4-Dimethylbenzene Benzophenone

LC4 2,5-Dimethylbenzene 3-Chlorobenzene

LC5 2,5-Dimethylbenzene 2,5-Chlorothiophene

LC6 4-Bromobenzene 4-Chloroanisole
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Figure 2.4.  A summary of HTS of BaPurE for inhibitors.
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2.4  Discussion

In many pathogens, including B. anthracis, N5-carboxyaminoimidazoleribonucleotide

mutase (PurE) plays a key role as an essential enzyme in the de novo purine biosynthetic pathway

(Samant et al., 2008).  In this project, recombinant BaPurE was targeted to identify small

compounds that inhibit the enzymatic activity as well as reduce the growth of B. anthracis.

Thermal shift assay was used in high-throughput screening since the UV-based enzyme

assay method (Meyer et al., 1992; Tranchimand et al., 2011) is insensitive for HTS.  It was

demonstrated that larger thermal shift caused by a known inhibitor NAIR in lower ionic strength

buffer such as 25TRIS8-0 compared to higher conductivity buffer such as 50TRIS8-0.  BaPurE in

25TRIS8-0 was less stable than in 50TRIS8-0 by 5.0 °C, but exhibited a larger stabilization by

binding NAIR by 4.0 °C.  To increase the detection of sensitivity of compound binding,

25TRIS8-0 was chosen as the buffer to be used in the HTS.  Out of about 25,000 compounds,

approximately 500 compounds were identified as hits (as binding to BaPurE) in HTS with

25TRIS8-0 buffer.  These compounds were further selected for their likelihood to bind to the

active site of BaPurE.  Z’-factor of 0.56 indicated that this was a reliable assay according to the

suggested value range discussed in section 1.3.7.

For enzyme inhibition activity assay, compound precipitation was observed (at 100 µM,

same concentration as the HTS) and the compound signal interfered with the UV-signal which

made the assay less reliable.  Enzyme inhibition activity was tested with lowered compound

concentrations than the HTS due to solubility issues at concentrations of 50, 20, and 10 µM.  The

assay carried out at 10 µM compound concentration appeared to be most soluble (no visible

precipitation) with minimal interference in the UV-signal from the compound.  BaPurE (20 nM)
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and each compound (20 µM) was incubated at 20 EC for 1.5 minutes to allow some time for

enzyme exposure to the compound for binding reaction before addition of equal volume of

CAIR.  The final volume of the enzyme inhibition activity assay had to be increased due to the

insensitivity of the UV-Vis method to detect CAIR disappearance.  The HTS condition (lowered

compound concentration, compound-enzyme incubation time, increase in assay volume) was not

replicated in the enzyme inhibition activity assay but the modification of such conditions still

provided valuable information regarding inhibition activity of the compound to the BaPurE

enzyme.

The inhibition shown by the 15 compounds was between 10 - 20% , which is relatively

low (Table 2.1).  This is possibly due to lowered compound concentration (10 ìM) compared to

the HTS.  Previously identified inhibitor NAIR has been reported as a steady-state inhibitor of

i iecPurE with K  of 0.5 ìM as well as Gallus gallus Pur6 with K  of 0.34 ìM (Firestine et al.,

1994).  NAIR was not considered as a drug candidate because it was reported to be an inhibitor

for both Gallus gallus AIR carboxylase and PurE, and, it was shown to be a better inhibitor of

AIR carboxylase than PurE.

Compounds that showed enzyme inhibition were tested for antimicrobial activity against

B. anthracis and other pathogens such as E. coli (BW25113 strain, wild-type and TolC ), S.-

aureus for both methicillin-susceptible S. aureus (MSSA) and methicillin-resistant strain

(MRSA), F. tularensis and Y. Pestis.  MICs of the 15 compounds tested against five virulent

pathogens including B. anthracis and the results were summarized in Table 2.2 (Kim et al.,

2015).  Certain compounds showed cross-strain activity against F. tularensis and Y. Pestis but

the MIC values were ten times greater than values for B. anthracis.  Limited cell penetration or
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differential efflux can be potential cause for the observed reduction in activity in these species. 

Cross-strain activity was observed against S. aureus with MIC < 1 ìg/mL which suggest that

such compounds may represent a new class of antimicrobial agents against MRSA.  This finding

can be important for expanding the clinical options for MRSA infections.  

Concentration of compound needed for enzyme inhibition is much higher than MIC

values which suggest that other cellular proteins or enzymes may also be targeted by these

compounds.

A common core structure, 1-carboxyamido-1,3,4-oxadiazole, was found for compounds

with low MIC values against B. anthracis.  In another study, isatin core structure were found to

be inhibitors of N -CAIR synthetase and that structural modification of the core resulted in5

different inhibitory effects (Firestine et al., 2009).  Modification of the oxadiazole core structure

can be made to improve the potency of BaPurE inhibitors.

2.5  Conclusion

Thermal shift assay was optimized for HTS with reliable validation method (Z’-factor of

0.57).  The assay identified 2% of the library of about 25,000 compounds as hits which were

further selected by in silico docking and enzyme activity assay as well as antimicrobial activity

against B. anthracis along with other pathogenic strains.  Six compounds that share an

oxadiazole core structure was identified with low MIC values relative to ciprofloxacin with

potential to be promising antimicrobial agents against B. anthracis as well as MRSA.
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CHAPTER 3

SOLUTION PROPERTIES OF BAPURE AND BIOCHEMICAL AND BIOPHYSICAL

CHARACTERIZATION

*A collaborative work with Nina M. Wolf  where my contribution to this project is described in

this chapter

3.1  Introduction

To combat the increasing problem of drug resistance in medicine today, the search for

drug molecules that are specific to such infectious organisms are needed.  Organisms that have

been used for bioterrorism, such as B. anthracis, are of special concern (Missiakas and

Schneewind, 2005).

X-ray crystal structure of PurE from B. anthracis is available in PDB which can be

aligned with that of PurE from E. coli with a ligand to extract information regarding the active

site.  BaPurE has 8 active sites in its homo-octomeric form where each of the active site is

created by three monomers.  From the previous chapter, BaPurE exhibits different thermal

stability upon binding a ligand in buffers with different ionic strength, which suggests that

BaPurE is in different conformation under the two different conditions.  Protein motion between

different conformational states has been ignored in many drug design when protein flexibility is

key to understanding biological effects exerted by drug molecules (Teague, 2003).  The

differences in BaPurE conformations in different ionic strength can be explored to better

understand conformational stability for better drug design for this essential enzyme in purine
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biosynthesis pathway (Samant et al., 2008).

The local conformation of BaPurE in different buffer condition with various ionic

strength was studied by monitoring the secondary and tertiary structure for á-helices content and

conformational orientation of aromatic amino acid residues.  Taking advantage of the single

tryptophan residue which is a sensitive probe to monitor environment polarity in BaPurE

monomer, fluorescence spectroscopy was employed to monitor changes in response to protein

conformational transitions from one ionic strength condition to another.  Further structural

information can be observed by tryptophan quenching by addition of quencher molecules to

probe the accessibility of the tryptophan residue to the quencher.  Tryptophan can be quenched

by a neutral quencher molecule acrylamide to probe the polarity of the environment around the

residue.  When excited, tryprophan residues in protein react with external quencher molecules to

produce an excited product that undergoes non-radiative pathway decay or dynamic quenching

process (Moller and Denicola, 2002).  The change in tryptophan fluorescence intensity due to the

presence of acrylamide is expressed by the Stern-Volmer equation which gives information about

accessibility of acrylamide to tryptophan residue (Moller and Denicola, 2002).

3.2  Experimental Procedures

3.2.1 Protein Preparation

See 2.2.1. for elution of the fusion protein, except with a lower GSH concentration (1.5

mM) to give a higher fusion protein purity  (90% or greater, as determined by SDS-PAGE).

3.2.2 Size Exclusion Chromatography

Superdex 200 GL column equilibrated with PBS was used to load the BaPurE (5 mg/mL)

sample.  For calibration curve, protein standards were used.  Blue dextran (2000 kDa) was the
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standard used to measure the void volume of the column.  Other standards used were ferritin

(440 kDa), â-amylase (200 kDa), aldolase (158 kDa), albumin (66 kDa) and chymotrypsinogen A

av(25 kDa) (Pharmacia LKB, Piscataway, NJ).  Partition coefficient (K ) of each protein standard

was calculated using the following equation:

0 ewhere V  is the void volume (Blue dextran, 7.3 mL), V  is the elution volume of a given protein

tstandard and V  is the total column volume (22.6 mL).  Flow rate of 0.5 mL per minute was used

av Hat room temperature.  The plot of K  vs hydrodynamic molar mass (MW ) of protein standards

was analyzed with linear regression fit, and used as the calibration curve to determine BaPurE’s

HMW .

 3.2.3 Enzymatic Activity and Ionic Strength

See 2.2.6.  Enzymatic activity assay was carried out in 5P7.4- and 25TRIS7.4- with 0 to

150 mM NaCl.

3.2.3.1  CAIR Synthesis

Substrate CAIR was synthesized, following a published protocol (Sullivan et al., 2014),

from 5-Amino-1-(â-D-ribofuranosyl)-4-carboxamide-5'-phosphate (AICAR) (Sigma, St. Louis,

MO).  The synthesis was carried out with Robel Demissie (Fung group).  LiOH (1M, 8 mL,

Sigma, St. Louis, MO) was added to 50 mg of AICAR in a 10 mL round bottom flask sealed with

2a septum with a vent at 125 °C under N  gas for a total of 4 hours (with complete seal without

vent for the last 2 hours).  Deionized water (2 mL) was added to the reaction mixture cooled to
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room temperature with stirring.  pH of the mixture was adjusted 2 N hydrochloric acid to 7 at 0

°C using pH test strips (Sigma, St. Louis, MO) to monitor the pH values.  Particulate was

removed from the mixture with a cotton/sand column by forced air pressure using a syringe, and

the filtrate was lyophilized, yielding white powder.  Resulting solid was further purified by

resuspension in cold absolute ethanol (15 mL per wash, 3 washes) and by being forced through a

cotton/sand column by air pressure.  CAIR remaining in the column was recovered by washing

with cold deionized water (20 mL) and lyophilized, yielding white powder.  CAIR was prepared

to a concentration of 1.8 mM in 25TRIS7.4-0 buffer and was stored at -80 °C in 50 ìL aliquots

for single usage in enzyme activity assay.

Extinction coefficient was calculated using the Beer’s law: Absorbance = g L c where g is

the molar extinction coefficient, L is the pathlength (1 mm) and c is the concentration of the

CAIR sample.  

3.2.3.2  Samples in Buffers with Different Ionic Strength

Buffers were prepared as 5 mM phosphate pH 7.4 with 0 to 150 mM NaCl and 25 mM

TRIS pH 7.4 with 0 to 150 mM NaCl.  Ionic strength of a given buffer was determined at room

temperature (23 - 25 °C) with a conductivity probe (YSI 3417).

To prepare BaPurE samples in different ionic strength buffers, previously prepared

BaPurE stored in PBS was thawed, centrifuged (Sorvall Legend RT at 3400sg for 2 min) for

dialysis.  BaPurE sample (around 1 mg/ml concentration) were dialyzed at 4 °C in buffers (1:500

protein to buffer ratio) of varying ionic strength for equilibration for 16 to 20 hours using a

dialysis tubing (140 kD).  Dialyzed samples of BaPurE were diluted further in matching buffer to

be used for enzymatic assay.
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3.2.4 Circular Dichroism

Ellipticity of BaPurE samples in buffers of varying conductivity was monitored using a

circular dichroism spectrometer (J-810, Jasco, Oklahoma City, OK) with a temperature control

unit (PTC-423S) at 25 °C. 

3.2.4.1  Secondary Structure

Ellipticity of BaPurE (44 to 61 ìM, 200 ìL) was measured from 200 to 250 nm in a 0.1

mm path length cuvette at 25 °C.  Measured Ellipticity (mdeg) was converted to mean residue

MRW, ëellipticity ([è] ) by the equation:

obs,ë MRwhere è  is the observed ellipticity in degrees, C  is protein’s molar concentration multiplied

by the number of animo acids in the protein, d is the cuvette path length (cm) and c is protein

concentration in (g/mL).  CD spectrum of BaPurE in 5 mM phosphate and 25 mM TRIS buffer

with pH of 7.4 with 0 to 150 mM NaCl was measured.

3.2.4.2  Tertiary Structure

BaPurE (87 to 150 ìM, 1 mL) was measured from 250 to 320 nm in a 1 cm path length

cuvette at 25 °C.  Signals from single tryptophan (15W), four tyrosine and two phenylalanine per

monomer of BaPurE (there are no cysteine residues) was detected in the near-UV region.  The

ellipticity was normalized for concentration (not for residue) with unit mdegqcm /M.2

3.2.5 Fluorescence

Single tryptophan residue per monomer of BaPurE (10 ìM, 100 ìL) was monitored for
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fluorescence by spectrofluorimeter (Jasco FP6200) with temperature control unit (ETC-272T)

and cooling unit (Julabo AWC100) in 1 mm path length cuvette.  Fluorescence spectra of

EX EMBaPurE was measured under various buffer conditions (ë  = 295 nm, ë  ~ 350 nm). 

3.2.5.1  Tryptophan Quenching with Acrylamide

L-tryptophan solution was prepared in PBS and was titrated with 10 M acrylamide

prepared in deionized water.  The volume of the L-tryptophan sample was 100 ìL in a 1 mm path

length cuvette and was titrated with acrylamide.  The final volume was 105 ìL with final

acrylamide concentration of 0.5 M.  BaPurE (10 ìM) was titrated in the same manner as with L-

maxtryptophan with acrylamide.  ë  of emission was determined for a given sample to monitor the

change in fluorescent intensity upon addition of acrylamide.  Fluorescent intensity was adjusted

for concentration of L-tryptophan.

svModified Stern-Volmer equation was used to determine the K  for L-tryptophan: 

where V is the static quenching constant and value of 0.75 was used corresponding to a sphere of

action of 6.7 D (Tallmadge et al., 1989). 

3.3  Results

3.3.1 Enzymatic Activity Dependence on Ionic Strength

3.3.1.1  Buffer conductivity

For 5 mM phophate buffers with pH 7.4, conductivity ranged from 650 to 13000 ìMHO

for 0 to 150 mM NaCl.  25 mM TRIS buffers’ conductivity ranged from 1650 to 13000 ìMHO for

0 to 150 mM NaCl.  5 mM TRIS with 0 mM NaCl (5TRIS7.4-0) was prepared with conductivity
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of 450 ìMHO.  See Table 3.1 for buffer abbreviations and conductivity values for each buffer

condition.

Table 3.1.  Buffer abbreviations and conductivity 

Abbreviation Buffer type Concentration

(mM)

[NaCl] mM Conductivity

(ìMHO)

pH

5P7.4-0 Phosphate 5 0 640 7.4
5P7.4-38 Phosphate 5 38 3900 7.4

5P7.4-50 Phosphate 5 50 5800 7.4

5P7.4-75 Phosphate 5 75 7000 7.4

5P7.4-150 Phosphate 5 150 13000 7.4

5TRIS7.4-0 TRIS 5 0 450 7.4

25TRIS7.4-0 TRIS 25 0 1650 7.4

25TRIS7.4-38 TRIS 25 38 4900 7.4

25TRIS7.4-50 TRIS 25 50 5800 7.4

25TRIS7.4-75 TRIS 25 75 7800 7.4

25TRIS7.4-150 TRIS 25 150 13000 7.4

3.3.1.2  CAIR

26.2 mg CAIR was obtained (30 % yield).  H NMR (400 MHz, D O 4.67): ä 7.38 (s, 1H),1

5.53 (s, 1H), 5.51 (s, 1H), 4.68 - 4.65 (m, 1H).  Signal due to decomposition product of CAIR was

not observed at 6.4 ppm.  Extinction coefficient of synthesized CAIR was 11681 M  cm . -1 -1

Extinction coefficient of CAIR was previously reported as 10500 M  cm , in literature-1 -1

(Constantine et al., 2006). 

3.3.1.3  Enzymatic Activity Dependence on Ionic Strength

BaPurE sample used was prepared with higher yield and purity than that used in HTS

studies with new plasmid transformation and adjustment of purification method.  Prepared protein

was found to be octameric in PBS as shown by the hydrodynamic molecular weight in PBS. 
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BaPurE appeared to be well folded as seen by secondary structure elements in its CD spectrum. 

BaPurE activity showed dependence on buffer ionic strength as shown in Figure 3.1.  BaPurE is

most active in buffer with conductivity from 4000 - 8000 ìMHO.  The maximum specific activity

was 19.2 ± 1.6 units/mg in 5P7.4-75, and specific activity of 6.5 ± 0.7 units/mg in conductivity

range below 1000 ìMHO (5P7.4-0).

Figure 3.1.  Specific activity of BaPurE in 25 mM TRIS (filled square) and in 5 mM Phosphate

buffer (empty triangle) buffer with 0 - 150 mM NaCl. (Figure originate by Nina M. Wolf; data of

Anna K. Jones included).
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3.3.2 Secondary and Tertiary Structural Elements

Difference in the amount of secondary structural elements was observed high ionic

strength (150 mM NaCl) and low ionic strength (0 mM NaCl), regardless of the type of buffer

MRW, ë(Phosphate or TRIS).  [è]   amplitude of BaPurE was 11% less in low ionic strength than in

high ionic strength buffer (Figure 3.2).

Tertiary structure element of BaPurE was observed by CD spectra obtained from 250 - 320

nm at 25 °C.  The free L-tryptophan, which unstructured, showed very weak CD signal as

compared to tryptophan residue in the BaPurE monomer complex that showed characteristic

tryptophan peak at 291 nm with negative intensity (Figure 3.3).  There was 20% reduction in

ellipticity resulting from tryptophan residue at 291 nm in low ionic strength buffer when

compared with that in high ionic strength buffer. 

Figure 3.2.  Mean residue ellipticity of BaPurE in low to high ionic strength buffer (n = 7).
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Figure 3.3.  Near UV-CD spectrum of BaPurE in high ionic strength (13000 ìMHO, blue, solid),

medium ionic strength (5800 ìMHO, black, dotted), low ionic strength (640 ìMHO, red, solid),

and L-tryptophan in PBS (black, solid).

3.3.3   Tryptophan Accessibility

SV SVK  of free L-tryptophan quenching was 20.9 ± 0.6 M  (n = 3).  K  of completely-1

unfolded BaPurE in presence of 9 M urea in 5P7.4-150 buffer was 10.2 M .  -1

SVHighest K  of native BaPurE was 4.9 ± 0.5 M  (n = 3) in 5TRIS7.4-0 buffer with-1

conductivity of 450 ìMHO (very low ionic strength).  In low to high ionic strength (1000 - 13000

SVìMHO) buffer, K  of BaPurE was around 2.0 M .  -1
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 3.4  Discussion

 Understanding of BaPurE solution property including its stability and conformation state

with correlation to enzyme activity can provide useful information for further studies in

antibacterial lead identification for this essential enzyme in de novo purine biosynthesis pathway.

The specific activity of BaPurE showed its most active state in medium ionic strength

buffer with conductivity between 5000 to 8000 ìMHO, and its least active state in buffers with

conductivity below 1000 ìMHO which was correlated with different conformational states of

BaPurE.  From this finding, it can be assumed that various conformational states of BaPurE

consist of less active to more active state.

 To investigate BaPurE structure that causes it to be more or less active, secondary

structure of BaPurE in low to high ionic strength buffer was examined.  Difference between the

low to high ionic strength buffer showed 11% difference in the amount of á-helix present where

more á-helix was found in high ionic strength buffer.  This suggests that BaPurE is in a less

folded conformation in low ionic strength than in higher ionic strength buffer.  Signal from 15W

residue of tertiary structure was decreased by 20% in low ionic strength buffer compared to

medium to high ionic strength buffer which suggests looser structure in low ionic strength

condition as seen by the absence of tertiary signal of free L-tryptophan.

 Accessibility of tryptophan residue in BaPurE was assessed with neutral quencher

svmolecule acrylamide.  K  of free L-tryptophan agreed with published value of 21 ± 3 M-1

sv(Tallmadge et al., 1989).  Equation used to calculate K  corrects for the static quenching

component to describe both static and dynamic quenching mode free-L-tryptophan undergoes

sv(Tallmadge et al., 1989).  There was not much difference in K  between 5000 to 13000 µMHO
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conductivity.  The subtle conformational differences between buffers of medium to high ionic

strength is not revealed by difference in tryptophan accessibility.  This is expected since the

crystal structure of BaPurE shows the tryptophan residue to be on the well exposed part of the

enzyme whose environment will not be very different with slight conformational differences. 

sv There is a detectable difference in K in very low (less than 1000 ìMHO) ionic strength

svconditions.  K  of very low ionic strength buffer is about 2 times greater, suggesting that BaPurE

is in a more unfolded conformation.

 Identification of inhibitors of BaPurE requires information regarding protein stability as

well as conformation in solution.  The findings from this study suggest that BaPurE is in a well

folded state between 4000 to 13000 ìMHO and the most active state is between 4000 - 8000

ìMHO range.

3.5  Conclusion

 BaPurE in buffers of different ionic strength provided much insight regarding the

behavior and conformational differences.  BaPurE in most active in medium ionic strength

showing correlation of enzyme activity with conformation as a function of ionic strength. 

Enzymatic activity studies can be carried out with consideration of various conformational states

of BaPurE in a range of ionic strength.  Therefore, activity of BaPurE can be further studied in

most active condition to determine inhibition activity of a given compound with potential

inhibition property.
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CHAPTER 4 

CHEMICAL UNFOLDING OF BaPurE

4.1  Introduction

 Proteins in the body undergo folding process to acquire a native conformation to function. 

The folding process is driven by weak interactions, including hydrophobic effect, and sometimes

is assisted by chaperones.  When proteins fail to fold into its native conformation, their denatured

states often aggregate and accumulate, as in cells of several neuro-degenerative diseases (Selkoe,

2003).  Protein folding is an important process and can also be studied through the protein

unfolding process.  Protein conformational stability can be estimated by the difference in stability

of the native and the denatured states, assuming the unfolding reaction is reversible (Pace, 1986). 

Unfolding of a protein can be carried out by adding chemical denaturant such as urea and

Gdn-HCl, gradually to maintain equilibrium at all steps to give a reversible folding and unfolding

process.  Equilibrium unfolding can be used to determine the conformational stability of proteins. 

With a two states assumption, the folded (N) and unfolded (D) states of a protein are in

equilibrium (N D D) in solution.  To measure the protein stability, the equilibrium can be shifted

toward the unfolded state by gradually adding chemical denaturant to a protein solution.  The

Dequilibrium constant of unfolding at each denaturant concentration (K ) is related to the free

D D U N Uenergy change since K  = exp (-DG /RT) = ƒ /ƒ , where ƒ  was the fraction of unfolded protein

N Dwith denaturant concentration of [D] and ƒ  was the fraction of remaining folded protein.  ÄG  at

each denaturant concentration can be used to estimate the conformational stability.  In the linear

Dextrapolation model (Meyer et al., 1995),  DG  = DG  - m [denaturant], where ÄG ,2 2H O H O
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Drepresenting conformational stability, is extrapolated from the plot of experimental values of DG

at different [D] to a value where [D] = 0.  The slope of the plot, m, has a strong correlation

between the accessible surface area exposed upon unfolding, or the difference in the accessible

surface area between the unfolded and folded state of the protein (Pace, 1986).  

Proteins bind denaturant molecules to expose peptide groups (Courtenay et al., 2000). 

Due to the differences in the ionic charge of urea and Gdn-HCl molecules, differential binding of

the denaturant molecules to proteins has been extensively studied (Pace, 1986).  Urea is known to

promote protein unfolding directly (formation of intramolecular hydrogen bond) and indirectly

(alteration of water structure surrounding the protein molecule to promote hydrophobic solvation)

(Bennion and Daggett, 2003).  Gdn-HCl ions mask electrostatic interactions in proteins, revealing

the importance of electrostatic interactions in protein folding (Monera et al., 1994).  Due to these

differences, urea and Gdn-HCl denaturations provide different estimates of stability for proteins. 

In this chapter, I discuss the chemical unfolding of BaPurE by urea and by Gdn-HCl in

buffers with different ionic strength conditions to obtain information on the protein stability.

4.2  Experimental Procedures

4.2.1 Protein Preparation

 See section 2.3.1 for BaPurE purification, and BaPurE in buffers (5 mM phosphate or 25

mM TRIS at pH 7.4) of different ionic strengths was used.  NaCl at different concentrations (0 -

150 mM) was added to either the phosphate or the TRIS buffer to give low (1,650 µMHO),

medium (5,800 µMHO) or high (13,000 µMHO) buffer solutions.  See section 3.3.1.1 for details. 

4.2.2 Chemical Unfolding of BaPurE by Circular Dichroism Method

 Chemical denaturant stock solutions, Gdn-HCl (8 M) and urea (10 M), were prepared in

47



buffers matching the buffer condition of BaPurE samples.  The conductivity was lowered when

urea was added, but was increased when Gdn-HCl was added, to a given buffer.  For example, the

buffer with conductivity of 13,000 ìMHO was lowered to 8,100 mM when 8 M urea was added,

but was increased to 80,000 mMHO when 7M Gdn-HCl was added.

Gdn-HCl or urea stock solution was added in aliquots to BaPurE sample to prepare a

series of BaPurE samples with different concentrations of Gdn-HCl or urea.  Final protein

concentration in each sample with denaturant added was calculated according to the dilution

factor.  A circular dichroism spectrometer (Jasco Model J-810, Oklahoma City, OK) with a

temperature control unit (PTC-423S) was used to obtain CD spectrum, between 200 to 250 nm, of

each protein sample with a specific urea or Gdn-HCl concentration, [D].  The raw ellipticity value

(mdeg) at 222 nm was extracted from the CD spectrum and converted to molar residue ellipticity

(MRE, è, deg cm /dmol), with è = ((raw ellipticity) * 100)/ (0.1 * 164 * [BaPurE] (mmoles/mL))2

D N D(Figure 4.1 A).  The è value of a sample with a specific [D] was è .  è  = è  when  [D] = 0 where

N U D maxè  is è value of a sample with [D] = 0, and è  = è  when [D] = [D] , a concentration at which

Uthe CD signal of è  (è value of fully unfolded sample) was no longer changing upon further

maxadditional of urea or Gdn-HCl.  [D]  = 8 M for urea, and 7 M for Gdn-HCl.  

UThe unfolding fraction of BaPurE at a particular [D], ƒ  (D), was obtained from the è 

U D N U N Uvalues since ƒ  (D) = (è  - è )/(è  - è ).  The denaturation profile, the plot of ƒ  (D) versus [D],

was fitted by a Boltzmann function, provided by a software (OriginPro, 2016), 

U 1 2 50 1 U 2 U maxƒ  (D) = (A  - A )/(1 + exp ([D] -[D ])), where A  = ƒ  ([D] = 0) = 0, A  = ƒ  ([D] = [D] ) = 1

50 Uand [D ] was the concentration of urea or Gdn-HCl where ƒ  (D) = 0.5, the 50% threshold

U(Figure 4.1.A).  In our analysis, only the values of ƒ  (D) between 0.1 and 0.9, rather than 0 to 1,
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D Dwere used.  The free energy change, DG , was from the equilibrium concentration (K  =

D U N Dexp (-DG /RT) = ƒ /ƒ ), and the DG  and m values were obtained from the plot of DG  versus2H O

D[D] (Figure 4.1.B).  The slope of the plot was m-value, and the DG  was DG  when [D] = 0.2H O

Figure 4.1. A.  Equilibrium denaturation curve where shift of unfolded BaPurE is observed upon

denaturant concentration.  The CD measurements of raw ellipticity were converted to molar

residue ellipticity (MRE, è, deg cm /dmol) (right-hand-side y axis). The corresponding unfolded2

fractions of BaPurE (left-hand-side y axis), with values between 0.1 to 0.9 are  in red and were

used for curve fitting, while the unfolded fractions of BaPurE not used for curve fitting are in

Dblack.  B.  ÄG  plotted with denaturant concentration with linear fit to give m-value (slope, dotted

line) and ÄG  as y-intercept ([D] = 0).H2O

4.3  Results

4.3.1 Chemical Unfolding of BaPurE in Guanidium Chloride

4.3.1.1  Effect of different ionic strength buffer on unfolding
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The plots of the results from a typical run of all three ionic strength conditions, fraction

50unfolded versus [Gdn-HCl], is shown in Figure 4.2.A.  The average [Gdn-HCl]  required to

unfold 50% of BaPurE was 2.2 ± 0.04 M (n = 6) in low ionic strength buffer, 2.5 ± 0.11 M (n = 4)

in medium ionic strength buffer and  to 2.7 ± 0.03  M (n = 5) in high ionic strength buffer A

summary of these values are shown in Table 1. 

DA typical plot of [Gdn-HCl] versus DG  of Gdn-HCl for all three ionic strength conditions

is shown in Figure 4.2.B.  The average m-value from Gdn-HCl denaturation was 1.8 ± 0.16

kcal/mol M (n = 6) in low ionic strength buffer, 2.0 ± 0.18  kcal/mol M (n = 4) in medium ionic

strength buffer and 1.8 ± 0.20  kcal/mol M in high ionic strength buffer (Table 4.1).   ÄGH2O

obtained from the above results was -3.8 ± 0.37 kcal/mol (n = 6) in low ionic strength buffer, -5.1

± 0.66  kcal/mol (n = 4) in medium ionic strength buffer and -4.9 ± 0.49 kcal/mol (n = 5) in high

ionic strength buffer (Table 4.1). 
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Figure 4.2. A.  The results of a typical run on the fraction unfolded versus [Gdn-HCl] in buffers

with three ionic strength conditions, in 1650 ìMHO (low, empty square), in 5800 ìMHO

50(medium, half-filled square), and in 13000 ìMHO (high, filled square).  The [Gdn-HCl]  =low

50 502.20 M, [Gdn-HCl]  = 2.59 M, [Gdn-HCl]  = 2.71 M.  The average values ofmedium high

50[Gdn-HCl]  are shown in Table 1.

DB.  ÄG  of BaPurE versus [Gdn-HCl] in buffers with three ionic strength conditions, with an

m-value  = 1.79 kcal/mol M and ÄG = -3.87 kcal/mol for low ionic strength buffer,low H2O, low 

m-value  = 2.19 kcal/mol M and ÄG  = -4.60 kcal/mol in medium ionic strengthmedium H2O, medium

buffer, and m-value  = 1.69 kcal/mol M and ÄG  = -4.60 kcal/mol in high ionic strengthhigh H2O, high

buffer. The average values are shown in Table 1.
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4.3.2 Chemical Unfolding of BaPurE in Urea

4.3.2.1 Effect of different ionic strength buffer on unfolding

The plots of the results from a typical run of all three ionic strength conditions, fraction

50unfolded versus [urea], is shown in Figure 4.3.A.  The average [urea]  required to unfold 50% of

BaPurE was 1.7 ± 0.01 (n = 3) in low ionic strength buffer, 2.8 ± 0.20  M (n = 4) in medium ionic

strength buffer and 4.3 ± 0.07  M (n = 7) in high ionic strength buffer (Table 4.1).  Also shown in

50 50Table 4.1 are the ratios of [Gdn-HCl]  to [urea] .  They were 1.3 for low ionic strength buffer,

0.9 for medium ionic strength buffer and 0.6 for high ionic strength buffer.

DA typical plot of [urea] versus DG  of urea for all three ionic strength conditions is shown

in Figure 4.3.B.  The average m-value from urea denaturation was 1.7 ± 0.13 kcal/mol (n = 3) in

low ionic strength buffer, 1.3 ± 0.09  kcal/mol (n = 4) in medium ionic strength buffer and 1.0 ±

0.13 kcal/mol M (n = 7) in high ionic strength buffer (Table 4.1).  Also shown in Table 4.1 are the

ratios of m-value (Gdn-HCl) to m-value (urea).  They were 1.06 for low ionic strength buffer, 1.54

for medium ionic strength buffer and 1.80 for high ionic strength buffer.

ÄG  from urea denaturation results was -2.9 ± 0.24 kcal/mol (n = 3) in low ionicH2O

strength buffer,  -3.5 ± 0.30  kcal/mol (n = 4) in medium ionic strength buffer and -4.4 ± 0.55

kcal/mol (n = 7) in high ionic strength buffer (Table 4.1).
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Figure 4.3. A.  The results of a typical run on the fraction unfolded versus [urea] in buffers with

three ionic strength conditions, in 1650 ìMHO (low, empty square), in 5800 ìMHO (medium,

50half-filled square), and in 13000 ìMHO (high, filled square).  The [Urea]  = 1.71 M low

50 50 50[Urea]  = 2.93 M, [Urea]  = 4.32 M.  The average values of [urea]  are shown in Tablemedium high

4.1.

DB.  ÄG  of BaPurE verus [urea] in buffers with three ionic strength conditions, with an m-valuelow

= 1.54 kcal/mol M and ÄG = -2.67 kcal/mol for low ionic strength buffer, m-value  =2H O, low medium

1.27 kcal/mol M and ÄG  = -3.71 kcal/mol for medium ionic strength buffer, and m-2H O, medium
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value  = 1.05 kcal/mol M and ÄG  = -4.38 kcal/mol for high ionic strength buffer.  Thehigh H2O, high

average values are shown in Table 4.1.
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Table 4.1.  The average (Avg) and standard deviation (SD) values of the denaturation of BaPurE by Gdn-HCl and by urea in buffers

with low ionic strength, medium ionic strength and high ionic strength conditions.  Circular dichroism spectroscopy methods were used

to follow the denaturation in each sample.

Conductivitya

(ìMHO)
50 50 50[D] (M) [G] /[Urea] m-value (kcal mol  M ) m /m  ÄG  (kcal mol )b c -1 -1 d Gdn-HCl urea H2O -1 de

Gdn-HCl Urea Gdn-HCl Urea Gdn-HCl Urea
Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD

1650 2.2 0.04
(n = 6)

1.7 0.01 
(n = 3)

1.3 1.8 0.16
(n = 6)

1.7 0.13
(n = 3)

1.06 -3.8 0.4
(n = 6)

-2.9 0.24
(n = 3)

5800 2.5 0.1
(n = 4)

2.8 0.20
(n = 4) 

0.9 2.0 0.18
(n = 4)

1.3 0.09
(n = 4)

1.54 -5.1 0.7
(n = 4)

-3.5 0.30
(n = 4)

13000 2.7 0.03
(n = 5)

4.3 0.07
(n = 7)

0.6 1.8 0.16
(n = 6)

1.0 0.13
(n = 7)

1.80 -4.9 0.5
(n = 6)

-4.4 0.55
(n = 7)

The conductivity values were of 5 mM phosphate buffer with NaCl before adding Gdn-HCl or urea.  The conductivity value wasa

lowered when urea was added, but was increased when Gdn-HCl was added, to a given buffer.  For example, the buffer with

conductivity of 13,000 ìMHO was lowered to 8,100 mM when 8 M urea was added, and was increased to 80,000 mMHO when 7M
Gdn-HCl was added.

50[D]  represent concentration of Gdn-HCl or urea required to unfold 50% of BaPurE. The average and standard deviation values areb 

given.

50 50[Gdn-HCl]  /[Urea] .  c                 

Determined from free energy vs denaturant concentration plot. d 

 m-value /m-valuee Gdn-HCl urea

55



4.4 Discussion

As discussed in literature, with all equilibrium techniques for monitoring protein

denaturation as a function of solvent composition, the primary data consist of a sigmoidal curve

representing a change in physical parameter (Shortle and Meeker, 1986).  BaPurE in the presence

of either Gdn-HCl or urea exhibited similar sigmoidal curves.  The characteristic parameters

50([D] , m-values and DG ) obtained from equilibrium unfolding of BaPurE by charged Gdn-HCl2H O

or by neutral urea were generally consistent with published values of other protein (e.g., Pradeep

and Udgaonkar, 2004; Myer, 1995; Pace et al., 1987; Shortle and Meeker, 1986; Greene and Pace,

1974).  

50The [Gdn-HCl]  values increased slightly (from 2.2 to 2.7 M) despite the large increase in

ionic strength, with the BaPurE sample buffer conductivity increased from 1650 to 13000 mMHO. 

The actual conductivity values in each sample with Gdn-HCl were higher since the addition of

Gdn-HCl increased the conductivity (the value was 80,000 mMHO when 7M Gdn-HCl was added

to the buffer of 13,000 mMHO).  It was demonstrated that the ionic nature of Gdn-HCl mask

50electrostatic interactions in model protein of 4 coiled-coil analogue where similar [Gdn-HCl]

values (3.5 to 3.6 M for all attractive forces and all repulsive forces respectively) were observed

regardless of how many intra- or interchain electrostatic attractions or repulsions were present

(Monera et al., 1994). 

50The [urea]  values increased significantly (from 1.7 to 4.3 M) upon increasing solution

ionic strength.  The actual conductivity values in each sample with urea were lower since the

addition of urea decreased the conductivity (the value was 8,100 mMHO when 8 M urea was

added to the buffer of 13,000 mMHO), suggesting that BaPurE was more stable under high ionic
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strength condition.  The m-values decreased slightly, from 1.7 to 1.0, upon changing the ionic

strength, from low salt buffer to high salt (150 mM NaCl) buffer.  The m-value correlates strongly

with the amount of protein surface exposed to solvent upon unfolding (Myers et al., 1995).  Thus

the m-values for BaPurE suggested that the amount of protein surface exposed to solvent in its

native form, without denaturant, was higher in low-salt buffers than high-salt buffers. 

It has been suggested that the solubilizing ability of Gdn-HCl relative to urea is greater for

polar groups than for nonpolar groups (Greene and Pace, 1974).  Thus, our results that BaPurE

consisted of more nonpolar groups than polar groups in the interior.  This is validated by its

crystal structure (PDB code:1XMP).

The DG  values obtained from both Gdn-HCl and urea studies were higher for high salt2H O

conditions (from 3.8 to 4.9 kcal mol  for Gdn-HCl and from 2.9 to 4.4 kcal mol  for urea studies)-1 -1

also suggest that BaPurE was more stable in high-salt than low-salt conditions.

4.5 Conclusion

The study of differences between Gdn-HCl and urea gave molecular level understanding

of electrostatic interactions of BaPurE.  In different ionic strength conditions, the degree of overall

attractive interaction between residues and surface electrostatic interaction was variable.  BaPurE

assumes a more compact conformation in high ionic strength conditions due to higher attractive

interactions while having low surface interaction between charged groups.  Ionic strength induced

conformations of BaPurE should be taken into consideration when searching for inhibitors that

bind to BaPurE.
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APPENDIX B

Purity of recombinant BaPurE

 16 % SDS-PAGE gel run. All lanes contain BaPurE (from different preparations) except the lane

with GST-tag label at the top.
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APPENDIX C

Mass of recombinant BaPurE

Mass Spectometry

Expected Mass = 17322.94 Daltons

Experimental Mass = 17322.1 Daltons

Difference = 0.84 Daltons
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