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ABSTRACT 

Yersinia pestis is the bacterium that causes plague infection, which continues to be 

prevalent in rural areas of the world. Moreover, because pneumonic plague has a high mortality 

rate even with antibiotic therapy, aerosolized Y. pestis is a powerful bioterrorism weapon. As 

antibiotic-resistant strains of Y. pestis appear, novel therapeutic targets are increasingly needed to 

combat this disease. YopH is a phosphatase in Y. pestis that is necessary for infection and was 

therefore considered a novel therapeutic target for plague. The gene for YopH was synthesized 

via primer overlap PCR, cloned into the pNIC-Bsa4 plasmid, and expressed in E. coli. The 

enzyme was purified using Ni-NTA affinity chromatography and FPLC gel filtration. Virtual 

screening in GOLD and ICM was used to dock large chemical libraries into the active site of an 

X-ray crystallography structure of YopH in order to identify a compound that can serve as an 

inhibitor of this enzyme, thereby treating plague infection. Top-scoring ligands were identified 

and purchased for testing via biochemical assays. The inhibition activity of each ligand was 

measured, and one compound, of 4-[(2-bromo-4-methylphenyl)amino]-4-oxo-2-butenoic acid 

(Chembridge ID 5303660), showed potential as an inhibitor. Kinetic experiments and differential 

scanning fluorimetry suggested that this compound may not be a competitive inhibitor of YopH. 

YopH was crystallized, but crystals formed in clustered star-like patterns which were not ideal 

for diffraction. Future experiments will focus on optimizing crystals. The ultimate goal is co-
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crystallizing YopH with the compound of interest in order to further characterize this 

relationship and determine if the compound may serve as a novel therapeutic for plague. 

 

 

BACKGROUND 

 Plague cases in the United States today primarily occur in the rural West, with an average 

of 7 cases per year. Plague cases have been much more prevalent in rural areas of South 

America, Asia and Africa (Figure 1), with most human cases in recent decades occurring in 

Africa. In some parts of continental Africa and Madagascar, there were over 10,000 reported 

plague cases between 2000 and 2009. However, due to the difficulty of gathering these statistics 

in developing countries, the true number of cases is likely much higher. The World Health 

Organization reports that the mortality rate for plague is 8-10%, and even higher in endemic 

areas (Maps and Statistics: Plague in the United States). 

Figure	  1:	  Center	  for	  Disease	  Control	  map	  of	  worldwide	  reported	  plague	  cases	  between	  2000	  and	  2009	  (Maps	  and	  
Statistics:	  Plague	  in	  the	  United	  States).	  
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 Yersinia pestis is a Gram-negative coccobacillus responsible for plague infection in 

humans. In nature, Yersinia pestis resides within small mammals such as rodents. The bacterium 

parasitizes the flea upon feeding, but is regurgitated into the flea’s mammalian host. In humans, 

Y. pestis infection occurs through contact with infected mammals or flea vectors that have fed on 

infected mammals. Bubonic plague results from intradermal infection and pneumonic plague 

results from inhalation of aerosolized droplets. Today, both varieties of plague are treated via 

antibiotic therapy. However, multi-drug resistant strains of Y. pestis are appearing, which could 

eventually render antibiotic treatment of plague obsolete. Moreover, mortality rates for 

pneumonic plague approach 50-100% even with proper antibiotic therapy (Pechous, Sivaraman, 

Stasulli, & Goldman, 2015), making aerosolized Y. pestis a powerful bioterrorism weapon. The 

rise of drug-resistant strains and potential for Yersinia pestis as an agent of bioterrorism affirm 

the need for novel drugs against Y. pestis infection. 

 Bacterial protein tyrosine phosphatases are responsible for both polysaccharide 

production and the disruption of cell signaling pathways in the host organism. Polysaccharide 

production controlled by these enzymes is important to virulence of the bacterium. Yersinia outer 

proteins (Yops) are encoded by a plasmid within the Yersinia bacterium (Whitmore & Lamont, 

Figure	  2:	  Reaction catalyzed by a protein tyrosine phosphatase. A phosphorylated tyrosine residue reacts with water to 
produce an unphosphorylated tyrosine residue and a phosphate (Information on EC 3.1.3.48 - protein-tyrosine-
phosphatase, 2016). 
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2012). When Yops are expressed, Y. pestis is better able to evade defense mechanisms of the 

host. 

Major targets of YopH phosphatase activity are focal adhesion kinase, focal adhesion 

protein p130Cas, and Fyn-binding protein in macrophages. YopH activity on these proteins is 

thought to be important in the ability for the bacterium to avoid host immune activity (Deleuil, 

Mogemark, Francis, Wolf-Watz, & Fallman, 2003). Therefore, functional YopH is necessary for 

Y. pestis to behave as a pathogen. The essentiality of YopH for bubonic plague infection renders 

this enzyme a promising target for drug discovery. 

Identification of novel inhibitors to protein targets has traditionally been a time-

consuming and costly process. Exclusively testing compounds in vitro, high throughput 

screening (HTS), involves producing large amounts of the target enzyme and purchasing or 

synthesizing every compound to be tested. Virtual screening (VS) serves as an in silico 

alternative, and allows drug discovery researchers to bypass the physical, monetary, and time 

constraints posed by HTS. In virtual screening, a large library of compounds is computationally 

docked into a protein structure. Each compound is assigned a binding score, which the screening 

program determines using computational methods. Ligands with high binding scores can be 

specifically chosen for testing via HTS (Lill, 2013).  

Researchers have used a combination of VS and HTS in order to successfully identify 

inhibitors of YopH. Using the virtual screening programs FlexX and AutoDock, the group was 

able to identify several inhibitors of YopH that were potent at low concentrations in HTS. VS 

also allows researchers to virtually create small molecules out of fragments in order to test in 

docking simulations (Hu, Vujanac, Southall, & Stebbins, 2013). Using this method in AutoDock, 

a class of salicylic acid derivatives was identified as potent inhibitors of YopH (Paudyal, Wu, 
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Zhang, Spilling, & Wong, 2014). However, nonspecific binding of small molecule inhibitors to 

molecules other than the target protein is a constant problem in drug design (Hu, Vujanac, 

Southall, & Stebbins, 2013). Although promising inhibitors have been identified in these 

combinatorial approaches, it is likely that many of these will have to be disregarded due to 

promiscuity. Thus, there is need for identification of more YopH inhibitors. Virtual screening has 

proved to be a successful approach to drug discovery. 

The GOLD (Jones, Willett, & Glen, 1995) application is a virtual screening program that 

docks several conformations of each ligand (using rotatable bonds) into the active site of the 

target protein. The application uses a genetic algorithm to give a fitness score based on the free 

energy of binding for each ligand conformation. Specifically, the equation used to score ligands 

in GOLD includes free energy changes due to Van der Waals forces, hydrogen bonds, 

hydrophobic interactions, and bond strain. The equation is as follows:  

 

ΔGbind = ΔGvdw + ΔGH-bond + ΔGhydrophobic + ΔGrotor + ΔG0 

  

The ICM application (Abagyan, Totrov, & Kuznetsov, 1994) is another virtual screening 

program that outputs docking scores based on its own internal coordinate mechanics. This 

algortithm takes into account bond lengths and angles, as well as torsion angles. 

 This research aims to utilize virtual screening methods in GOLD and ICM to pinpoint 

potential inhibitors of YopH and to test these compounds via biochemical assays. A novel 

inhibitor of YopH may serve as a drug treatment for antibiotic-resistant strains of bubonic 

plague. 
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MATERIALS AND METHODS 

 

Virtual Screening 

 

The TI3D Drug Discovery Cluster was used to run virtual screening docking jobs. The 

cluster computer was made up of 16 HP Proliant BL35P blades each with 2 dual core AMD 

Opteron 2.4 GHz processors per blade, for a total of 64 parallel cores. The cluster had 128 GB of 

memory in total. An HP xw9300 Workstation made up the front end of the cluster. Jobs were 

allocated using the Sun Grid Engine (SGE). 

 

GOLD Molecular Docking 

 

Protein Preparation 

 

This method was used to prepare the protein for virtual screening in GOLD (Cambridge 

Crystallographic Data Centre, Cambridge, UK). The X-ray crystallography structures used for 

virtual screening were found in the Protein Data Bank. The structure used in initial virtual 

screening had the PDB ID 3BLU (Resolution: 2.0 Å). An “open” conformation of YopH (PDB 

ID= 1YPT, Resolution: 2.5 Å) was also used in later virtual screening. The file was uploaded 

into MolProbity to add hydrogens and for analysis of the quality of the crystallography data. The 

structure was downloaded again from MolProbity after removal of hydrogen atoms. The protein 

was then prepared using Hermes, the graphical user interface in GOLD. In GOLD, remaining 

waters were deleted from the protein. The original ligand in the active site was also deleted. The 
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active site was originally defined as 5 Angstroms surrounding the existing ligand in the PDB 

structure. The active site was later redefined to include the secondary phosphate-binding site 

(Hu, Vujanac, Southall, & Stebbins, 2013). The redefined active site residues were: 

 

ARG228 PHE229 ILE232 LUE285 ALA286 GLU290 ASP356 GLN357 HIS402 CYS403 

ARG404 ALA405 GLY406 VAL407 GLY408 ARG409 THR410 ALA411 GLN446 GLN450 

LEU201 THR202 ARG205 ASN206 LEU208 ALA209 ILE443 VAL445  

 

Control Docking 

 

Control docking was performed to evaluate the validity of GOLD as a virtual screening program 

for this enzyme. A control library was created using positive controls chosen from ligands in the 

PDB and negative controls chosen at random but with similar physicochemical properties as the 

positive controls. Ligands were concatenated into a small library and prepared using LigPrep of 

the Maestro package. The control library was prepared by assigning protonation states 

appropriate for a pH of 7 (in order to mimic cellular conditions), assigning 3-D coordinates, and 

using Merck Molecular Force Field (MMFF) to minimize the energy of the ligands. 

 

Screening Chemical Libraries 

 

The chemical libraries screened were ChemBridge Diversity (49,797 ligands), LOPAC (1,280 

ligands), and Chembridge ZINC (124,345 ligands). For larger libraries (ChemBridge and 

Chembridge ZINC), virtual screening was performed in two runs. In the first run, the AutoScale 
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was set to 0.1 and the top 10% of ligands from each processor (based on GOLD scores) were 

moved on to the secondary GOLD job. In the secondary run, the AutoScale was set to 2 and the 

top 10% ligands from each processor were saved. For smaller libraries, one GOLD job was run 

with the AutoScale set at 2. The top 10% of ligands were saved. The highest scoring ligands 

from each library were compiled into a final list. These ligand poses were verified for 

complementary molecular interactions using PyMol. Lipinski’s Rule of 5 was used to identify 

which top-ranking ligands would be chosen for testing in inhibition assays. 

 

 

ICM Molecular Docking 

 

Protein Preparation 

 

The X-ray crystallography structure for YopH (PDB ID=3BLU) was uploaded into ICM 

(Molsoft L.L.C., San Diego, CA). The existing ligand was removed as a separate object from the 

protein structure. Waters were deleted and hydrogen atoms were optimized in the protein. The 

original ligand was used to define the active site.  

 

Control Docking 

 

Control docking was performed to evaluate the validity of ICM as a virtual screening program 

for this enzyme. A control library was created using positive controls chosen from ligands in the 
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PDB and negative controls chosen at random. Control ligands were prepared for docking in ICM 

by building hydrogens, assigning charges, and converting to 3-D. 

 

Screening Chemical Libraries 

 

The ChemBridge Diversity Library was screened. The highest scoring ligands from ICM were 

compiled into a final list. Lipinski’s Rule of 5 was used to identify which top-ranking ligands 

would be chosen for testing in inhibition assays. 

 

Cloning 

Cloning was used to insert the synthesized gene for YopH into a plasmid vector. 

 

Primer Overlap PCR 

 

The coding DNA sequence for the gene of interest was synthesized using 

oligonucleotides (Integrated DNA Technologies, Inc., Coralville, Iowa) in primer overlap PCR. 

The NCBI gene ID for the truncated YopH used is 1172712. See Appendix A for coding DNA 

sequence and oligonucleotides.  

 In primer overlap PCR, 1 mM of oligo mix, 0.3 mM MgCl2, 0.08 mM dNTPs, and 0.5 U 

of Q5 Hotstart Polymerase (NEB, Ipswitch, MA) were used in a final volume of 50 uL. The PCR 

cycling program was as follows: (1) 98oC for 2 min, (2) 98oC for 20 sec, (3) 58oC for 10 sec, (4) 

72oC for 20 sec, (5) repeat steps 2-4 19 additional times, (6) 72oC for 2 min, (7) 4oC for infinite 

time. 
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 Custom tail primers were also added to the overlap PCR product so ligation-independent 

cloning could be performed later. In this PCR reaction, 0.3 mM MgCl2,, 0.2 mM dNTPs, 1 

uLtemplate (primary PCR reaction), 0.4 uM Forward tail primer, 0.4 uM Reverse tail primer, and 

0.5 U Q5 Hotstart DNA polymerase were used in a 50 uL final volume. The PCR cycling 

program was as follows: (1) 98oC for 2 min, (2) 98oC for 20 sec, (3) 58oC for 30 sec, (4) 72oC for 

30 sec, (5) repeat steps 2-4 24 additional times, (6) 72oC for 2 min, (7) 4oC for infinite time. 

 Additional PCR cycles were used to increase DNA yield. 0.3 mM MgCl2, 0.2 mM 

dNTPs, 8 uL template (secondary PCR reaction), 0.4 uM Forward primer, 0.4 uM Reverse 

primer, and 2 U Q5 Hotstart polymerase were added to a final volume of 200 uL. This PCR mix 

was separated into 50 uL aliquots before placing into the thermocycler. The PCR cycling 

program was as follows: (1) 98oC for 2 min, (2) 98oC for 20 sec, (3) 58oC for 30 sec, (4) 72oC for 

30 sec, (5) repeat steps 2-4 29 additional times, (6) 72oC for 2 min, (7) 4oC for infinite time. 

 

Ligation Independent Cloning (LIC) 

 

The pNIC-Bsa4 plasmid expression vector was cut at the BsaI restriction sites, which removed 

the SacB gene, a gene responsible for causing cell death in the presence of sucrose. This 

restriction enzyme digest was performed using 2.25 ug pNIC-Bsa4, 1X NEB Buffer 3, 1X BSA, 

10 U BsaI-HF in a final volume of 50 uL. The sample was incubated for 3 hours at 37oC. The cut 

plasmid was then cleaned using a PCR Cleanup Kit (Qiagen, Hilden, Germany) and eluted into 

30 uL of elution buffer. Cohesive end generation was performed on the gene inserts as well as 

the accepting vector. For gene insert cohesive end generation, 12 uL of PCR fragment, 1X T4 

DNA polymerase buffer, 2.5 mM dCTP, 5 mM DTT, 0.1 mg/mL BSA, and 3 U T4 DNA 
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polymerase were added to a final volume of 20 uL. For accepting vector cohesive end 

generation, 2,277 ng of cut pNIC-Bsa4, 1X T4 DNA polymerase buffer, 2.5 mM dGTP, 5 mM 

DTT, 0.1 mg/mL BSA, and 3.75 U T4 DNA polymerase were added to a final volume of 50 uL. 

These samples were incubated at 22oC for 30 minutes and health inactivated at 75oC for 20 

minutes. During annealing and transformation, 4 uL of the treated accepting vector was mixed 

with 4 uL of gene insert and transformed into E. coli DH5-Alpha cells (NEB, Ipswitch, MA). 

The transformed cells were plated onto LB Agar + 50 mg/ mL Kanamycin + 5% Sucrose plates. 

The sucrose was used to select for pNIC-Bsa4 that did not contain the SacB gene that was 

removed during restriction enzyme digest.  

 

Bacterial colonies were grown overnight and mini-prepped to isolate the plasmid DNA using a 

Mini-prep Kit (Sigma-Aldrich, St. Louis, MO). The plasmid concentrations were obtained using 

a NanoDrop spectrophotometer (ThermoScientific, Waltham, MA). Plasmid samples were 

submitted to DNA sequencing using the pLIC-Forward and pLIC-Reverse primers. The sequence 

of the pLIC-Forward primer is as follows: 

 

5’-TGTGAGCGGATAACAATTCC-3’ 

 

The sequence of the pLIC-Reverse primer is as follows: 

 

5’-AGCAGCCAACTCAGCTTCC-3’ 
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The DNA sequencing results were analyzing by performing a nucleotide BLAST comparing the 

sequenced plasmid with the known codon optimized sequence for which oligonucleotide primers 

were ordered. A positive clone was identified and the plasmid was isolated using the HiSpeed 

Plasmid Midi Kit (Qiagen, Hilden, Germany). 

 

Protein Expression and Purification 

 

Expression 

 

Following cloning, the pNIC-Bsa4 vector with cloned gene insert was isolated from E. coli DH5-

Alpha cells using midi-prep techniques. The cloned plasmid was transformed into E. coli 

BL21(DE3) (NEB, Woodsholow, MA), an expression strain, and grown on LB Agar plates with 

Kanamycin. Two colonies were selected and each was inoculated in 100 mL of LB with a 

Kanamycin concentration of 50 ug/mL. These flasks were placed in a 37 oC shaking incubator 

for 16 hours. This starter culture was transferred to 500 mL of LB in a 2 liter flask via 5 mL 

increments. When the optical density reached 0.1, Kanamycin was added to the large culture to a 

final concentration of 50 ug/mL. The culture was periodically monitored until the OD600 reached 

0.5. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to 500 uM final concentration in 

order to induce the expression of T7 polymerase in pNIC-Bsa4. This large culture was grown on 

a shaking incubator at 25oC for 18-20 hours. After induction, cell lysate was centrifuged for 20 

minutes at 6,000 g at 4oC. The supernatant was discarded and the cell pellet was suspended in 10 

mL of sonication buffer (50 mM Tris, 300 mM NaCl, 10 mM Imidazole) at a pH of 8.0. 
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Lysis 

 

The cells were lysed by sonication with output control at 5.5. Sonication with a microtip was 

performed as follows: (1) 30 seconds at 70% duty cycle, (2) wait 1 minute on ice, (3) 30 seconds 

at 70% duty cycle, (4) wait 1 minute on ice, (5) 30 seconds on 90% duty cycle, (6) wait 3 

minutes on ice, (7) 30 seconds on 90% duty cycle, (8) wait 3 minutes on ice. Cells were spun 

down at 20,000 g for 30 minutes at 4oC. Soluble fraction was isolated and pH was adjusted to be 

between 7.5 and 8.0. Soluble fraction was filtered through 0.45 um PES syringe filter. 

 

Ni-NTA Affinity Chromatography 

 

The pNIC-Bsa4 vector (Structural Genomics Consortium, Oxford, UK) contained a 6-Histidine 

tag, which allowed binding to Ni-NTA Agarose beads. 0.25 mL of Ni-NTA Agarose was added 

to the soluble fraction. The sample was incubated on ice and mixed often for 45 minutes to allow 

binding of 6-His tag to the resin. The sample was transferred to 20 mL Bio-Rad chromatography 

column. The material was allowed to settle for 5 minutes. Column was uncapped and waste 

flowed through. The resin was then washed with 5 mL of wash buffer (100 mM Tris, 300 mM 

NaCl, 30 mM Imidazole, pH=8.0) in order to remove proteins other than YopH. YopH was then 

eluted into 2 mL of elution buffer (100 mM Tris, 300 mM NaCl, 300 mM Imidazole, pH=8.0). 

The imidazole competed with the 6XHIS tag to bind to the Ni-NTA Agarose bead, which 

released the protein. 4 mL of elution buffer was allowed to flow through Bio-Rad column in 

order to loosen any remaining YopH. Nanodrop spectrophotometer was used to measure 
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absorbance of Elution 1 and Elution 2 of protein at 280 nm. Protein concentration was then 

calculated using the molar extinction coefficient for YopH at 280 nm: 17,670 M-1 cm-1. 

 

Polyacrylamide Gel Electrophoresis 

 

SDS-PAGE gel electrophoresis was used to check expression and purification results. ColorPlus 

PreStained Protein Ladder (10-230 kDa) was used as the marker in order to be able to identify 

YopH (33.5 kDa). Samples taken during protein expression and purification were as follows: (0) 

cell lysate before induction, (1) cell lysate after induction, (2) soluble fraction, (3) 

chromatography column flow-through waste, (4) wash sample, (5) elution 1, (6) elution 2. 

Sample 0 and sample 1 were centrifuged at 5000 rpm for 5 minutes. The liquid was discarded 

and the cell pellet was suspended in 200 uL of H2O. SDS protein loading buffer (glycerol, DTT, 

SDS, bromophenol blue) was added to each sample to a final concentration of 1X. The samples 

were placed on a heat block at 95oC for 5 minutes in order to denature the protein. Following 

sample preparation, gel electrophoresis was run on an SDS-PAGE gel in a mini-PROTEAN tank. 

 

FPLC Gel Filtration 

FPLC was used to further purify the eluted protein sample. In this purification method, size 

exclusion chromatography was used with a G75 Superdex resin (molecular weight cutoff = 

80,000 g/mol). Molecular weight standards were used to determine size and identify proteins 

purified by FPLC. 

 

Storage 
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For long-term storage, the protein sample was stored (1) in glycerol and (2) snap frozen. For 

glycerol storage, glycerol was added to 20% final volume and stored at -20oC. For snap freezing, 

protein was transferred to 25 uL aliquots, snap frozen in liquid nitrogen, and stored at -80oC. 

 

Enzyme Assays 

 

Activity Assay 

 

YopH was diluted to 2 ng/uL in 50 mM Tris-acetate buffer (pH 5.5). In cuvettes, 50 mM Tris-

acetate buffer (pH 5.5), 10 mM MgCl2, and varying concentrations of YopH were added. PNPP 

was added to a final concentration of 0.47 mM. The reactions were incubated in a water bath at 

37oC for 10 minutes. The reactions were stopped with 320 uL of 0.25 N NaOH. They were 

measured at 410 nm. 

 

Calculating km 

 

YopH was diluted to 8 ng/uL in 50 mM Tris-acetate buffer (pH 5.5). A master mix was created 

with 15.8 mM MgCl2, 78.95 mM Tris-acetate buffer (pH 5.5), and 1.58 ng/uL YopH in a final 

volume of 760 uL. 52 uL of this master mix was aliquotted into each of 8 wells in a 96-well 

plate. Varying concentrations of pNPP were added to each well to a final concentration of 72 uL 

per well. The plate was incubated in a water bath of 37oC. The reaction was stopped at varying 

time points from 0 seconds to 20 minutes using 120 uL of 0.25 N stock NaOH. The reactions 
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were measured at 410 nm. Data was entered into GraphPad Prism (GraphPad Software, Inc., La 

Jolla, California) to calculate km for YopH. The km value was determined to be 1.665 mM. 

 

Differential scanning fluorimetry 

 

Differential scanning fluorimetry was used to analyze the melting temperature of YopH with and 

without inhibitor present. In each well was 4.222 uM final concentration of YopH, 5x SYPRO 

Orange (from 200X stock diluted in a buffer of 100 mM Tris, 300 mM NaCl, pH=8.0), potential 

inhibitors to a final concentration of 100 uM, orthovanadate (positive control inhibitor) to a final 

concentration of 1 uM, and YopH storage buffer (100 mM Tris, 300 mM NaCl, pH=8.0) to a 

final volume of 20 uL. The qPCR machine was set to increase in temperature from (low) to 

(high). The temperature increased by 1oC per minute, and the plate was read each minute. 

 

Inhibition Assay 

 

YopH was diluted to 8 ng/uL in 50 mM Tris-acetate buffer (pH 5.5). A master mix was created 

with 15.8 mM MgCl2, 78.95 mM Tris-acetate buffer (pH 5.5), 1.58 ng/uL YopH, and varying 

inhibitor concentrations (12.5 uM, 25 uM, 50 uM, 100 uM) in a final volume of 760 uL. 52 uL of 

this master mix was aliquotted into each of 4 wells in a 96-well plate and pre-incubated at room 

temperature for 10 minutes. PNPP was added at varying concentrations to a final volume of 72 

uL per well. The plate was incubated in a 37oC water bath. The reaction was stopped at 4 time 

points (0 s, 1 min, 2 min, 3 min) using 120 uL of 0.25 N stock NaOH. The reaction was then 

measured via spectrophotometer at 410 nm. 
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X-ray Crystallography 

 

Crystallizing YopH 

 

In order to obtain a crystal structure of YopH, sitting drop crystals were set using YopH at a 

stock concentration of 10.31 mg/mL. Crystallization conditions were 100 mM Hepes, 5-16% 2-

propanol, and 14-20% PEG8000. The procedure was repeated using PEG4000. Trays were set 

using 2 uL of YopH and 2 uL of solution. Trays were stored at 4oC. These initial crystals were 

used for streak seeding into conditions of 16-24% PEG3350, 100 mM Hepes (pH 7.0 and 7.5), 

and 200 mM NaCl. 

 

For optimization of crystal conditions, trays were set using 16%-20% PEG4000, 7% isopropanol, 

100 mM Hepes (pH 7.4, 7.5, 7.6, 7.7). These conditions were based on conditions from initial 

crystallography that produced promising crystals. 

 

Co-crystallizing YopH with ligand 

 

Sitting drop crystals were set using YopH at a stock concentration of 10.31 mg/mL combined 

with a concentration of ligand that was tenfold that of the protein. Crystallization conditions 

were 100 mM Hepes, 5-16% 2-propanol, and 14-20% PEG8000. The procedure was repeated 

using identical conditions, but PEG4000 was substituted for PEG8000. Trays were set using 2 uL 
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of YopH and 2 uL of solution. Initial trays were stored at 4oC for one week and moved to 22oC. 

Later trays were stored at 4oC.  

 

RESULTS 

 

Virtual Screening 

 

Virtual screening was initially performed using the “closed” conformation of YopH (PDB ID = 

3BLU). For the following results, the active site was defined as 5 Angstroms surrounding the 

ligand in the initial PDB structure. A control docking (using known binders as positive controls 

and random compounds as negative controls) was performed in order to verify GOLD as a valid 

virtual screening program for YopH. In GOLD, higher scores indicate better predicted binding 

capability for that ligand. 

 

In GOLD, S(PLP) is the Piecewise Linear Potential score, which accounts for protein/ligand 

steric complementarity. S(hbond) is the hydrogen bond energy score. S(cho) accounts for weak 

carbon-hydrogen-oxgen interactions. S(metal) is a score for metal-ligand interactions. DE(clash) 

and DE(tors) are penalties to account for ligand-protein steric clashing and ligand torsional strain 

respectively. Score is the overall fitness score for the protein-ligand interaction (GOLD User 

Guide). 

 

Table 1: Ligand scores for GOLD screening of YopH control library into the active site of YopH 
(PDB ID=3BLU). Known binders indicated with ‘pos’ in name, random compounds indicated 
with ‘neg’ in the name and natural substrate (pNPP) as ‘378pNPP’. 
Score S(PLP) S(hbond) S(cho) S(metal) DE(clash) DE(tors) intcor name 



	   20	  

60.85 -52.36 3.25 0 0 0 0.64 0.04 '5382771pos5' 

60.7 -38.94 7.67 0 0 0 0.71 0.11 '30819pos4' 

60.11 -41.48 6.77 0 0 0 1.08 0.49 '5288267pos2' 

57.55 -48.33 3.26 0 0 0 0.31 0.02 '5383850pos8' 

57.19 -60.04 0 0 0 0 1.44 0.01 '5712121pos7' 

53.89 -54.48 0 0 0 0 1.86 3.12 '1210747neg2' 

50.71 -32.64 6.68 0 0 0 1.03 0.1 '378pNPP' 

46.94 -45.6 1 0 0 0 0.84 0.01 '17399864neg1' 

44.75 -41.87 1 0 0 0 0.3 0.47 '40542067neg4' 

44.14 -43.12 0.38 0 0 0 1.35 2.57 '73356549pos6' 

39.88 -41.03 1 0 0 0 2.08 0.01 '1230012neg3' 

38.46 -26.88 3.88 0 0 0 1.56 3.05 '79664original' 

35.46 -29.57 2.01 0 0 0 0.13 0.12 '165879pos1' 

31.94 -33.11 0 0 0 0 1.13 1.08 '564920pos3' 

30.51 -26.9 1.58 0 0 0 0.74 0.34 '2244aspirin' 

 
Following verification, the Chembridge Diversity library was screened using a two-step 

screening process. In the first screening, Autoscale was at 0.1 and top 10% of ligands were saved 

for the second run. In the second run, Autoscale was set at 1. Top ligands from the second run 

were reported below. 

 

Table 2: Top ranking ligands from two-step GOLD docking run of Chembridge Diversity 
Library into the active site of YopH (PDB ID=3BLU). Lipinski’s rule data (molecular weight, 
hydrogen bond donors, hydrogen bond acceptors, and logP) are included. Yellow indicates the 
ligand was purchased for testing in assays. 
Score S 

(PLP) 
S(hbon
d) 

S(cho) S(metal
) 

DE(clas
h) 

DE(tor
s) 

intcor Ligand 
ID 

MW 
(g/mol) 

H-don H-acc LogP 

83.95 -64.63 7.78 0 0 0.95 1.98 0.88 7588592 326 3 4 1.3 

81.72 -62.94 6.95 0 0 1.43 0.69 0.76 5667642 356 1 7 3.53 

81.54 -65.17 6.36 0 0 0.61 2.89 3.69 6588526 380 2 5 1.81 

80.93 -66.19 5.43 0 0 0 0.87 0.07 5667105 374 2 3 2.82 

80.29 -63.88 6.01 0 0 0.81 1.66 2.35 9035543 369 2 4 4.06 

79.77 -59.26 7.13 0 0 0 0.5 0.04 5755325 310 2 5 2.48 

79.73 -70.6 4.3 0 0 0 2.05 0.05 5572357 372 0 3 4.78 

79.65 -73.72 3 0 0 0.19 2.87 2.85 6861052 477 2 5 4.11 

78.51 -60.39 6.56 0 0 0 2.01 2.34 5260677 403 2 5 3.34 

78.47 -59.19 6.91 0 0 0 1.79 2.02 5467080 306 2 5 2.63 

 



	   21	  

Following redefinition of the active site to include both the active site and the secondary 

phosphate binding site, the ChemBridge Diversity Library was run again in a similar two-step 

screening procedure. 

 
Table 3: Top ranking ligands from two-step GOLD docking run of Chembridge Diversity 
Library into the expanded active site of YopH (PDB ID=3BLU). Lipinski’s rule data (molecular 
weight, hydrogen bond donors, hydrogen bond acceptors, and logP) are included. 
Score S(PLP

) 
S(hbond
) 

S(cho) S(metal
) 

DE(clas
h) 

DE(tors
) 

intcor name MW 
(g/mol) 

H-don H-acc LogP 

83.36 -62.34 7.69 0 0 0 1.55 0.81 75996
22 

340 3 4 1.35 

82.32 -65.96 6.6 0 0 0 2.11 0.78 75885
92 

326 3 4 1.3 

81.09 -64.97 5.66 0 0 0 1.59 2.34 90355
43 

369 2 4 4.06 

81.03 -61.39 7.33 0 0 0 2.45 2.46 75080
63 

392 3 3 3.23 

80.84 -66.42 5.7 0 0 0 2.5 2.3 76314
96 

394 2 5 3.5 

80.67 -65.14 6.35 0 0 0 2.13 0.72 75885
92 

326 3 4 1.3 

80.44 -62.62 6.54 0 0 0 0.95 0.11 57553
25 

310 2 5 2.48 

80.25 -65.18 5.93 0 0 0 2.57 2.42 76525
99 

387 2 5 2.93 

80.17 -64.76 5.94 0 0 0 2.58 2.73 75285
15 

426 3 3 3.34 

79.82 -65.02 5.87 0 0 0 2.54 2.27 90158
56 

377 2 4 3.77 

 
 
Many of the top-scoring compounds in the following table were not found in the ZINC database, 

so these rows are empty for Lipinski’s rules. 

 
Table 4: Top ranking ligands from two-step GOLD docking run of Maybridge library into the 
expanded active site of YopH (PDB ID=3BLU). Lipinski’s rule data (molecular weight, 
hydrogen bond donors, hydrogen bond acceptors, and logP) are included. 
Score S(PLP) S(hbon

d) 
S(cho) S(meta

l) 
DE(cla
sh) 

DE(tor
s) 

intcor Ligand 
name 

MW 
(g/mol) 

H-don H-acc LogP 

80.93 -59.78 7.8 0 0 0 1.27 0.29 ZINC0104
3364 

500.58 0 8 5.31 

80.77 -63.88 6.43 0 0 0 2.43 2.42 ZINC0103
4007 

    

80.56 -66.18 5.96 0 0 0.01 1.81 0.15 ZINC0104
8125 

    

80.45 -66.85 3.85 1 0 0 0.53 0.05 ZINC0013
3162 

    

80.36 -66.76 4.88 0 0 0 1.54 2.02 ZINC0103
4269 

    

78.74 -64.11 5.36 0 0 0.19 2.04 2.3 ZINC0102
8065 

    

78.47 -62.22 5.8 0 0 0 1.49 1.7 ZINC0104
0541 

400.312 2 5 3.47 
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78.44 -58.36 6.91 0 0 0 1.92 3.05 ZINC0103
2666 

    

78.3 -53.83 8.47 0 0 0 1.02 1.07 ZINC0083
3225 

457.488 2 10 1.06 

 
Table 5: Top ranking ligands from two-step GOLD docking run of Chembridge ZINC library 
into the expanded active site of YopH (PDB ID=3BLU). Lipinski’s rule data (molecular weight, 
hydrogen bond donors, hydrogen bond acceptors, and logP) are included. Yellow indicates the 
ligand was purchased for testing in assays. 
Score S(PLP

) 
S(hbond
) 

S(cho) S(metal
) 

DE(clas
h) 

DE(tors
) 

intcor Ligand 
name 

MW Hacc Hdon LogP 

87.04 -84 2 0 0 0 2.35 1.73 ZINC12247
079 

474.54 8 1 3.89 

84.79 -77.48 2.42 0.83 0 0 2.93 3.27 ZINC09246
394 

523.42 7 2 5.38 

84.61 -67.51 7.61 0 0 0 2.95 0.13 ZINC09010
541 

436.46 6 1 3.69 

83.42 -80.48 2.2 0 0 0 1.95 0.22 ZINC14993
652 

444.94 8 3 3.9 

83.02 -69.86 5.21 0 0 0 3.74 5 ZINC14993
463 

480.63 6 4 3.88 

82.65 -65.53 4.45 1.53 0 0 0.52 0.21 ZINC82156
705 

314.39 6 0 1.75 

82.64 -72.89 4.19 0 0 0 1.5 0.18 ZINC15003
430 

447.49 7 1 2.29 

82.43 -62.59 7.08 0 0 0 1.18 0.95 ZINC02097
792 

374.41 7 1 3.17 

82.28 -65.71 6.64 0 0 3.42 2.49 4.61 ZINC13545
123 

427.53 7 1 3.29 

82.02 -69.83 4.31 0.95 0 2.04 2.17 2.79 ZINC11661
583 

392.34 8 1 1.77 

81.73 -67.7 5.4 0 0 0 2.61 2.8 ZINC19871
802 

469.52 8 1 3.04 

 
 
Table 6: Top ranking ligands from one-step GOLD docking run of LOPAC library into the 
expanded active site of YopH (PDB ID=3BLU). 
Score S(PLP) S(hbond) S(cho) S(metal) DE(clash) DE(tors) intcor Ligand name 

92.34 -75.26 6.6 0 0 0 1.71 0.7 'C22H35NO3' 

86.36 -70.78 7.38 0 0 0 3.69 0.83 'C18H22N6O7S' 

85.27 -59.06 9 0 0 0 1.31 1.84 'C16H19N3O8SZn' 

78 -72.2 3.12 0 0 0 2.69 1.32 'C36H45NO7' 

77.68 -54.95 8.86 0 0 0 2.04 0.23 'C26H44NNaO7S' 

76.46 -77.54 0 0 0 0 2.56 3.17 'M-105' 

75.99 -71.97 2.03 0 0 0 1.26 0.44 'C20H39NO2' 

75.74 -62 5.78 0 0 0 2.56 1.51 'C29H46N2O3S' 

75.43 -66.09 4.8 0 0 0.16 3.89 2.86 'C42H52N4O12' 

74.97 -61.29 5.78 0 0 0 2.03 0.42 'C19H21ClNNaO4' 

 
A control library and the Chembridge Diversity library were screened in ICM. The active site 

used for the following results was defined by the original ligand in the PDB structure. Thus, the 

active site closely resembled the initial active site used in GOLD (5 Angstroms around the 
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ligand). In ICM, a lower (i.e. more negative) fitness score indicates better predicted binding 

ability for the ligand screened.  

 

In ICM, MFSCORE is the mean force score; HBOND is the hydrogen bond energy; NFLEX is 

the number of rotatable torsions; HPHOB is hydrophobic energy of a water-exposed surface; 

VWINT is the van der Waals interaction energy; DSOLV is desolvation of hydrogen bond 

donors/acceptors; SOLEL is the solvation electrostatics energy change from binding; SCORE is 

the overall docking score (ICM User's Guide). 

 
Table 7: ICM docking scores for screening of control library into the active site of the closed 
conformation of YopH (PDB ID= 3BLU) 
NAME SCORE MFSCORE HBOND NFLEX HPHOB VWINT DSOLV SOLEL 

378pNPP -40.390688 -9.345622 -13.76317 5 -2.023022 -19.708275 13.66264 2.65013 

30819pos4 -34.8976 -24.325441 -15.022425 8 -2.024144 -20.952501 20.409724 5.892732 

5288267pos2 -32.831639 -9.060825 -15.286247 9 -2.780418 -15.718325 16.071542 4.536497 

5712121pos7 -13.250272 -67.091335 -1.070259 0 -5.688351 -20.201023 8.484644 9.516364 

5383850pos8 -10.308252 -37.277716 -3.003821 1 -4.379545 -20.884668 11.571908 17.926434 

5382771pos5 -10.134 -17.673304 -4.637441 2 -4.47257 -19.642034 10.318549 19.874016 

564920pos3 -8.396599 6.738862 -1.988314 3 -3.527019 -15.856489 6.80138 8.444291 

73356549pos6 -8.08586 -36.312677 -3.228975 2 -4.582924 -17.126851 12.034464 13.135291 

79664original -7.201112 13.486578 0 2 -3.398954 -13.801565 5.736461 4.098098 

165879pos1 -5.865521 -38.192346 -2.69616 3 -1.793349 -13.930434 10.323784 9.916521 

2244aspirin -4.72699 -42.297966 -1.986912 1 -2.368512 -13.623848 11.85489 9.120427 

40542067neg4 -2.171577 -30.970363 -1.008445 2 -4.504333 -15.508965 10.719743 13.320514 

1230012neg3 -1.902465 -47.337132 -0.638878 2 -3.619858 -20.320065 11.706544 18.908122 

1210747neg2 -1.130701 -26.644792 -1.83785 7 -4.303207 -20.42615 14.078947 12.747301 

17399864neg1 6.69014 -46.08955 0 2 -5.236681 -15.378068 11.542863 19.758619 

 
Table 8: Top ranking ligands from ICM docking run of Chembridge Diversity Library into the 
active site of YopH (PDB ID=3BLU). Lipinski’s rule data (molecular weight, hydrogen bond 
donors, hydrogen bond acceptors, and logP) are included. Yellow indicates the ligand was 
purchased for testing in assays. 
NAME Score Natom Nflex Hbond Hphob VwInt Eintl Dsolv SolEl mfScore MW 

(g/mol) 
H-
don 

H-
acc 

LogP 

5648649 -
60.86 

21.00 1.00 -21.23 -2.12 -14.71 0.00 14.78 -4.11 -11.82 212 2 4 -0.72 

5658274 -
57.95 

25.00 2.00 -20.86 -2.14 -14.46 0.45 15.39 -3.74 -9.25 242 2 5 -0.39 
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5303660 -
55.00 

27.00 4.00 -16.97 -3.00 -21.56 3.51 14.79 -8.35 -22.51 284 2 3 1.73 

5746433 -
52.64 

38.00 6.00 -13.54 -4.63 -24.87 1.43 13.61 -8.54 -55.01 414 1 3 3.7 

7564984 -
52.63 

26.00 1.00 -15.10 -3.22 -14.32 0.15 11.63 -
11.24 

-13.97 259 1 4 3.52 

5667737 -
52.38 

41.00 2.00 -15.49 -4.38 -23.62 3.38 14.17 -2.81 -53.76 344 1 4 1.26 

5315666 -
51.72 

27.00 4.00 -15.29 -2.75 -22.06 3.68 14.25 -8.94 -32.25 223 2 3 1.89 

7599546 -
51.56 

37.00 2.00 -15.33 -3.90 -22.69 2.68 14.06 -2.88 -50.73 326 1 6 3.37 

5660870 -
51.45 

35.00 2.00 -16.32 -3.88 -15.01 1.97 13.76 -9.17 -30.94 294 2 5 2.83 

 
 
 
Virtual screening was also performed in GOLD on an “open” (non-ligand binding) conformation 

of YopH (PDB ID= 1YPT). The active site defined in this screening was the original active site 

without the secondary phosphate binding site. 

 
Table 9: Top ranking ligands from two-step GOLD docking run of Chembridge library into the 
active site of open conformation of YopH (PDB ID=1YPT). 
Score S(PLP) S(hbond) S(cho) S(metal) DE(clash) DE(tors) intcor Chembridge ID 

88.11 -76.5 4.54 0 0 0 1.15 0.19 7765175 

82.97 -70.63 4.7 0 0 0 0.93 0.05 7678259 

82.16 -81.74 1.76 0 0 0 2.87 0.91 5186972 

80.69 -77.66 1.3 0 0 2.83 0.94 3.8 7669688 

79.5 -76.68 2 0 0 0 1.8 0.33 7734276 

79.38 -73.15 2.94 0 0 0 1.7 0.78 5569062 

79.26 -60.57 6.82 0 0 0 2.26 1.22 5574308 

78.66 -73.6 1.46 0.93 0 0 1.1 0.11 6061445 

78.43 -68.86 3.75 0 0 0.19 0.79 0.09 7539962 

78.29 -76.95 1.58 0 0 0.85 2.65 2.76 7743311 

 
 
 



	   25	  

  
Figure 1: Initial docking site (left) and expanded docking site with secondary phosphate binding 
site (right) of YopH (PDB ID=3BLU). Enzyme as cartoon in green. Docking sites as surface 
with carbon in green, nitrogen in blue, and oxygen in red. Catalytic site and secondary phosphate 
binding site are labeled. 
 
 

 
Figure 2: Best ranking pose of 4-[(2-bromo-4-methylphenyl)amino]-4-oxo-2-butenoic acid 
(Chembridge ID 5303660) in ICM screening of closed conformation of YopH (PDB ID=3BLU) 
against Chembridge Diversity Library. Docking site is defined as catalytic site only. Enzyme in 
dark green as spheres, WPD loop in lime green as spheres, active site in green as mesh. Ligand 
displayed as sticks with carbon in blue, oxygen in red, nitrogen in blue, hydrogen in gray. 

Catalytic	  site	   Catalytic	  site	  

Secondary	  
phosphate-‐
binding	  site	  
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Figure 3: Best ranking pose of N-(1,3-benzodioxol-5-ylmethyl)-N'-ethyl-4-oxo-1-phenethyl-
pyridine-3,5-dicarboxamide (ZINC ID: 15003430) in GOLD screening of closed conformation 
of YopH (PDB ID=3BLU) with expanded docking site (including catalytic site and secondary 
phosphate binding site) against Chembridge ZINC Library. Enzyme in dark green as spheres, 
WPD loop in lime green as spheres, active site in green as mesh. Ligand displayed as sticks with 
carbon in blue, oxygen in red, nitrogen in blue, hydrogen in gray. 
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Figure 4: Best ranking pose of 1-[3-(2-ethylphenoxy)azetidin-1-yl]-4-(1,2,4-triazol-1-yl)butan-1-
one (ZINC ID: 82156705) in GOLD screening of YopH (PDB ID=3BLU) with expanded 
docking site (including catalytic site and secondary phosphate binding site) against Chembridge 
ZINC Library. Enzyme in dark green as spheres, WPD loop in lime green as spheres, active site 
in green as mesh. Ligand displayed as sticks with carbon in blue, oxygen in red, nitrogen in blue, 
hydrogen in gray. 
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Figure 5: Best ranking post of N,N'-4,4'-biphenyldiylbis(2-methoxy-2-phenylacetamide) 
(Chembridge ID: 5116558) in GOLD screening of open conformation of YopH (PDB ID: 1YPT) 
against Chembridge Diversity Library. Docking site is defined as catalytic site only. Enzyme in 
dark green as spheres, WPD loop in lime green as spheres, active site in green as mesh. Ligand 
displayed as sticks with carbon in blue, oxygen in red, nitrogen in blue, hydrogen in gray. 
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Figure 6: Absorbance vs YopH concentration plot for enzyme activity assay with increasing 
concentrations of YopH. Substrate (pNPP) was added to final concentration of 0.48 mM. 
Reaction was stopped after 10 minutes at 37oC with NaOH and absorbance was read. N=2 trials. 
Error bars as standard deviation. 
 

Because inhibition assays were performed with a 10 minute incubation time prior to addition of 

substrate, enzyme assays were performed with a 10 minute incubation time at varying pNPP 

concentrations for reference. 

 
Figure 7: Enzyme activity vs pNPP concentration (mM) plot for 1.14 ng/uL final concentration 
of YopH. 10 minute incubation time prior to addition of the substrate. N=2 trials. Error bars as 
standard deviation. 
 
Calculating km 
 
Table 8: GraphPad Prism Michaelis-Menten values for YopH kinetic assay data using data from 
Figure 7. 
Michaelis-Menten Best-fit values  

Vmax 0.004531 Absorbance units/s 
Km 1.665 mM 

Std. Error  
Vmax 0.0004330 Absorbance units/s 

  0.4520 mM 
95% Confidence Intervals  

Vmax 0.003622 to 0.005441 Absorbance units/s 
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Km 0.7151 to 2.614 mM 
Goodness of Fit  

Degrees of Freedom 18 
R square 0.7553 

Absolute Sum of Squares 5.561e-006 
Sy.x 0.0005558 

Constraints  
Km Km > 0.0 

Number of points  
Analyzed 20 

 
 

 
Figure 8: Enzyme activity vs pNPP concentration for 1.14 ng/uL concentration of YopH. N=3 
trials. Error bars as standard deviation. 
 
Differential scanning fluorimetry 
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Figure 9: Differential scanning fluorimetry derivative plot for melting temperature of YopH. 
Wells contained 4.222 uM YopH, 5X SYPRO Orange, 300 mM NaCl and YopH storage buffer 
(100 mM Tris, 300 mM NaCl, pH=8.0) to final volume of 20 uL. Trough in graph represents Tm. 
N=3 trials. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Differential scanning fluorimetry derivative plot for melting temperature of YopH 
(N=3 trials) and for YopH+ 1 uM Orthovanadate (N=3 trials) positive control inhibitor. YopH 

	  YopH	  (N=3)	  

YopH	  +	  Orthovanadate	  (N=3)	  
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wells contained 4.222 uM YopH, 5X SYPRO Orange, 300 mM NaCl and YopH storage buffer 
(100 mM Tris, 300 mM NaCl, pH=8.0) to final volume of 20 uL. YopH+Orthovanadate wells 
contained 4.222 uM YopH, 5X SYPRO Orange, 300 mM NaCl, 1 uM orthovanadate and YopH 
storage buffer (100 mM Tris, 300 mM NaCl, pH=8.0) to final volume of 20 uL 

 

Figure 11: Differential scanning fluorimetry derivative plot for melting temperatures of YopH 
(N=3 trials) and for YopH + 100 uM 4-[(2-bromo-4-methylphenyl)amino]-4-oxo-2-butenoic acid 
(Chembridge ID 5303660, N=3 trials). YopH wells contained 4.222 uM YopH, 5X SYPRO 
Orange, 300 mM NaCl and YopH storage buffer (100 mM Tris, 300 mM NaCl, pH=8.0) to final 
volume of 20 uL. YopH+5303660 wells contained 4.222 uM YopH, 5X SYPRO Orange, 300 
mM NaCl, 100 uM 4-[(2-bromo-4-methylphenyl)amino]-4-oxo-2-butenoic acid (Chembridge ID 
5303660) and YopH storage buffer (100 mM Tris, 300 mM NaCl, pH=8.0) to final volume of 20 
uL. 
 
Table 9: DSF results for average melting temperature of YopH and YopH in complex with 
orthovanadate or 4-[(2-bromo-4-methylphenyl)amino]-4-oxo-2-butenoic acid (Chembridge ID 
5303660). N=3 trials. 
 Average Melting 

Temperature (oC) 
Standard 
deviation (oC) 

YopH 43.33 0.577 
YopH+Orthovanadate 39.67 0.577 
YopH+5303660 43 0 
 
 
Inhibition Assays 
 

YopH	  (N=3)	  

YopH	  +	  ligand	  (N=3)	  
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Because inhibitors were diluted in 50% DMSO, control assays measured the effects of DMSO on 

YopH activity. 

 

 
Figure 12: pNPP hydrolysis versus time (s) plot for 1.14 ng/uL final concentration of YopH with 
5.56 mM pNPP substrate. Red points correspond to assays with no DMSO added. Blue points 
correspond to assays with 50% DMSO in an amount equivalent that is added for a 0.1 mM 
inhibitor concentration in inhibition assays. No incubation time. N=2 trials. Error bars as 
standard deviation. 
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Figure 13: Enzyme absorbance versus time (s) plot for 1.14 ng/uL final concentration of YopH 
with 5.56 mM pNPP substrate. Red points correspond to assays with no DMSO added. Blue 
points correspond to assays with 50% DMSO in an amount equivalent that is added for a 0.1 mM 
inhibitor concentration in inhibition assays. 10 minute incubation time prior to addition of pNPP. 
N=2 trials. Error bars as standard deviation. 
 
Inhibition assays were completed with selected ligands from virtual screening and similarity 

searches. 

 
 
 

 
Figure 14: Enzyme Activity (at initial velocity conditions) vs N-(1,3-benzodioxol-5-ylmethyl)-
N'-ethyl-4-oxo-1-phenethyl-pyridine-3,5-dicarboxamide (ZINC ID: 15003430) concentration 
plot for 1.14 ng/uL final concentration of YopH with 5.56 mM pNPP substrate. N=4 trials. Error 
bars as standard deviation. 
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Figure 15: Enzyme Activity vs. pNPP concentration plot for various doses of 4-[(2-bromo-4-
methylphenyl)amino]-4-oxo-2-butenoic acid (Chembridge ID 5303660) with 1.14 ng/uL final 
concentration of YopH. 10 minute incubation period prior to addition of pNPP. N=2 trials. Error 
bars as standard deviation. 
 
 
5667105 did not dissolve in 50 mM DMSO, so it could not be used in assays. 

 

A similarity search was performed in Hit2Lead to identify ligands that have structural similarity 

with 4-[(2-bromo-4-methylphenyl)amino]-4-oxo-2-butenoic acid (Chembridge ID 5303660). The 

following inhibition activity graph is from a ligand identified during this similarity search. 
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Figure 16: Enzyme activity vs 4-[(4-bromo-2-methylphenyl)amino]-4-oxobutanoic acid 
(Chembridge ID 5310300) concentration plot for 2.28 ng/uL final concentration of YopH at 
1.665 mM final concentration of pNPP (km). N=2 trials. Error bars as standard deviation. 
 
X-ray crystallography 
 
Co-crystallization of YopH with the ligand was unsuccessful. 

 

YopH was crystallized. Crystals were more singular and less star-like with increasing PEG4000 

concentrations. The pH variants tested did not have any significant effect on the quality of the 

crystals. 

 
The most promising crystals formed when YopH was crystallized at a final concentration of 5.16 
mg/mL at 4oC in 100 mM Hepes (pH 7.6), 18%-24% PEG4000 and 1%-5% isopropanol. The 
following wells were imaged 5 days after setting the crystal trays. 
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Figure 17: YopH crystallized at 4oC in 100 mM Tris, 24% PEG4000, and 5% isopropanol. 
 

 
Figure 18: YopH crystallized at 4oC in 100 mM Tris, 24% PEG4000, and 3% isopropanol. 
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Figure 19: YopH crystallized at 4oC in 100 mM Tris, 24% PEG4000, and 1% isopropanol. 
 

 
Figure 20: YopH crystallized at 4oC in 100 mM Tris, 18% PEG4000, and 5% isopropanol. 



	   39	  

 
Figure 21: YopH crystallized at 4oC in 100 mM Tris, 18% PEG4000, and 3% isopropanol. 
 
DISCUSSION 

 

Virtual Screening 

 

 The control docking results for YopH (PDB ID=3BLU) were reasonable (ligands were 

docked into the catalytic site with poses similar to those found in the PDB), with most positive 

control ligands scoring higher than negative controls (Table 1). Moreover, docking poses were 

examined in PyMol to verify that the compound had been docked into the active site of the 

protein in a conformation that included both hydrophobic and hydrophilic interactions with the 

protein. However, all GOLD docking scores in the control docking were relatively low. 

Nevertheless, GOLD was considered a valid virtual screening program for YopH. Rather than 
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only choosing the ligands with the highest GOLD/ICM scores for virtual screening, Lipinski’s 

rules for drug-like compounds and cost of ligands were taken into account.  

 The ICM control docking results (Table 7) were also as expected, with positive control 

ligands generally scoring better than negative control ligands. Interestingly, the substrate used in 

assays (pNPP) scored best in this control docking run. However, like in GOLD, control docking 

scores were worse than scores from screening chemical libraries. 

 The initial docking site of YopH (PDB ID=3BLU) was defined to only have one pocket 

(i.e. the catalytic site) for binding, which limited binding interactions of screened compounds 

with residues on YopH (Figure 2), as opposed to the expanded docking site discussed below. 

Using this initial docking site, 6-[5-(1H-indol-3-ylmethylene)-4-oxo-2-thioxo-1,3-thiazolidin-3-

yl]hexanoic acid (ChemBridge ID 5667105) was identified via GOLD screening (Table 2) and 

ordered for testing in biochemical assays. However, this compound was not soluble in 50 mM 

DMSO, so it was not tested in the lab. In ICM screening with the original active site, 4-[(2-

bromo-4-methylphenyl)amino]-4-oxo-2-butenoic acid (Chembridge ID 5303660) was identified 

as a high scoring compound that followed Lipinski’s rules (Table 8). Analysis of the PyMol 

figure confirms that the ligand was docked into the binding pocket of YopH, with the aromatic 

ring of the ligand facing out of the active site (Figure 2). 

 Hu and colleagues found that when the docking site of YopH is defined to include both 

the catalytic site (the original docking site used here) and the secondary phosphate-binding site, 

screened compounds could take on a U-shaped conformation in the active site, which increases 

specificity of ligands (Hu, Vujanac, Southall, & Stebbins, 2013). Figure 1 shows a comparison 

between this initial docking site and the expanded docking site. Screening with the new docking 

site yielded GOLD scores (Table 3) similar to screening with the initial docking site in the 
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Chembridge Diversity library. This was likely because the molecules in the Chembridge 

Diversity library were often too small to simultaneously bind in both pockets of the redefined 

active site. However, this expanded active site should be used for future virtual screening 

because of increased specificity of high-scoring ligands to YopH. One avenue to explore in 

future research is a fragment-based screening approach in order to discover fragments that bind 

well to each pocket. These fragments can be used to synthesize a ligand that can specifically bind 

to both the catalytic site and the secondary phosphate-binding site. 

GOLD screening of the Chembridge ZINC library (Table 5) into this expanded docking 

site did yield higher top-scoring ligands than did the Chembridge Diversity Library with the 

original docking site. However, a good comparison cannot be made with this data because these 

are two different libraries. The best ranking pose for of N-(1,3-benzodioxol-5-ylmethyl)-N'-

ethyl-4-oxo-1-phenethyl-pyridine-3,5-dicarboxamide (ZINC ID: 15003430) showed the binding 

mode described by Hu and colleagues, in which the ligand occupied both the active site and the 

secondary phosphate binding site (Figure 3). Other ligands, like 1-[3-(2-ethylphenoxy)azetidin-

1-yl]-4-(1,2,4-triazol-1-yl)butan-1-one (ZINC ID: 82156705) in Figure 4, still showed a binding 

mode in which only the active site was occupied. 

 Screening the Chembridge Diversity library in the open conformation of YopH did yield 

slightly higher GOLD scores (Table 9) as compared to screening the same library with the closed 

conformation. In the closed conformation, the WPD loop is responsible for a significant amount 

of steric hindrance to bulkier groups in the active site. When the WPD loop is not near the active 

site, better virtual screening scores can be expected. This conformational difference in YopH was 

illustrated in Figure 5, in which the WPD loop is moved away from the active site. An aromatic 

ring (a bulkier group) of N,N'-4,4'-biphenyldiylbis(2-methoxy-2-phenylacetamide) (Chembridge 
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ID: 5116558) was present in the active site in the ligand’s best ranking pose. The open 

conformation of YopH should be further explored in future research by ordering and testing 

high-scoring compounds. 

 One constraint of virtual screening in GOLD was that the binding score is constructed in 

a way that assigns higher scores to larger ligands. Therefore, smaller ligands that may perform 

better in vivo may not have been the top scoring ligands, and may therefore have been 

overlooked in virtual screening. LOPAC results (Table 6) had higher top GOLD scores than did 

other libraries screened because LOPAC compounds were often larger. The price of ligands 

posed another constraint in this research; all top-ranking LOPAC results exceeded the project 

budget in this exploratory phase. 

 

Biochemical Assays 

 

 An enzyme activity assay verified that YopH expressed in the lab was functional. The 

assay results showed that with increasing YopH concentrations, there was an increase in 

dephosphorylation activity (Figure 6). These results were as expected because more reactions 

occur per second when there is more enzyme present. Enzyme kinetics (Figure 8) were measured 

and calculated using GraphPad prism.  The km, defined as the substrate concentration at half of 

the maximum reaction velocity of the enzyme, was calculated to be 1.665 mM (Table 8). This 

value was consistent with previous literature (Sun, Wu, Fedorov, Almo, & Zhang, 2003). 

 Prior to performing inhibition assays with compounds identified in virtual screening, the 

effect of DMSO on enzyme activity was measured since this was the solvent used to dissolve 

compounds. Because the highest concentration of inhibitor used in assays was 0.1 mM, the 
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amount of DMSO present in a 0.1 mM inhibitor concentration was added to the reaction. In both 

cases (with and without incubation time), the addition of DMSO did not have an effect on 

reaction velocity (Figure 12 and 13). Therefore, it was concluded that any effect of DMSO on 

reaction velocity was negligible in inhibition assays. 

 Most compounds tested in assays did not show promise as potential drugs for YopH 

inhibition. When YopH was tested against N-(1,3-benzodioxol-5-ylmethyl)-N'-ethyl-4-oxo-1-

phenethyl-pyridine-3,5-dicarboxamide (ZINC ID: 15003430), average enzymatic activity 

increased (Figure 14) with increasing inhibitor concentration. However, error bars were large and 

overlapping for increasing inhibitor concentrations, so it was concluded that increasing 

concentrations of this compound did not have a significant effect on enzyme activity. 4-[(4-

bromo-2-methylphenyl)amino]-4-oxobutanoic acid (Chembridge ID 5310300) was a potential 

activator of YopH, as increasing compound concentrations seemed to increase enzymatic activity 

(Figure 16). Other ligands ordered could not be tested because of insolubility in DMSO or color 

of the ligand (interferes with colorimetric phosphatase assay). 

4-[(2-bromo-4-methylphenyl)amino]-4-oxo-2-butenoic acid (Chembridge ID 5303660) 

was the only compound tested in inhibition assays that showed significant inhibition activity 

(Figure 15). Therefore, further experiments were performed in order to determine whether this 

compound was binding in the active site of YopH, and would therefore be a viable candidate for 

a potential drug. 

Theoretically, differential scanning fluorimetry (DSF) should show an increase in 

enzyme melting point when the enzyme is in complex with a competitive inhibitor because of the 

increase in bonding interactions (as opposed to the enzyme alone). DSF results do not show a 

significant shift in melting point for YopH and 4-[(2-bromo-4-methylphenyl)amino]-4-oxo-2-
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butenoic acid (Chembridge ID 5303660) as compared to YopH alone (Figure 11). This may 

indicate that the compound was not interacting with YopH in the active site as a competitive 

inhibitor, and therefore may not be a viable drug for inhibiting this enzyme. There was still a 

possibility that the ligand was binding allosterically or destabilizing YopH. However, when DSF 

was performed with YopH and orthovanadate (Figure 10), a known phosphatase inhibitor, the 

melting point shifted to a lower temperature than the temperature for YopH alone. This result 

was unexpected, as orthovanadate is known to bind in the active site of phosphatases, including 

YopH. The melting point shift may have occurred because orthovanadate was binding and 

destabilizing the enzyme. However, this result indicated the difficulty in interpreting melting 

point data. Therefore, DSF may not be the most reliable method to determine whether 

competitive inhibition is occurring in YopH. 

 In order to determine whether competitive inhibition was occurring, kinetic assays were 

run using various inhibitor and pNPP concentrations. In competitive inhibition, high pNPP 

concentrations should allow the enzyme to operate at its normal maximum velocity. The error 

bars for these inhibition assays were very large, and in some cases encompassed the original 

maximum velocity, which suggests that competitive inhibition may be occurring, but ultimately 

this data is inconclusive because of the high standard deviation (Figure 15). At a 0.0125 mM 

inhibitor concentration and 11.111 mM pNPP, the enzyme activity surpasses the activity of the 

no inhibitor control (Figure 7). However, at a higher pNPP concentration with the same inhibitor 

concentration, the enzyme activity returned to a level below that of the no inhibitor control. 

Because YopH did not conclusively return to maximum velocity at high pNPP concentrations, 

this compound was likely destabilizing YopH or was an allosteric inhibitor of YopH. Increasing 
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the number of trials at each compound and substrate concentration should decrease the size of 

the error bars and provide more conclusive results. 

 

X-ray crystallography 

 

 When YopH was crystallized in the conditions used, crystals often formed in star-like 

patterns with many clusters (Figures 19, 20, and 21). This pattern was not useful for X-ray 

diffraction because individual crystals were too small and difficult to isolate. With increasing 

isopropanol concentrations (Figure 17 and 18), there were larger crystals with less clustering. A 

high concentration of PEG4000 was critical to optimizing crystals, as low concentrations yielded 

small star-like crystals (Figure 20 and 21). Thus, the condition with the highest isopropanol and 

PEG4000 concentration (Figure 17) showed the most promising crystals. However, there was 

still some clustering present in this condition, so diffraction was not attempted. A higher 

isopropanol concentration was not considered because of concerns that the alcohol may disrupt 

diffraction. Future optimization experiments should use the condition from Figure 17 and vary 

the protein concentration as an attempt to decrease clustering and the number of nucleation sites. 

The ultimate goal is to co-crystallize YopH with 4-[(2-bromo-4-methylphenyl)amino]-4-oxo-2-

butenoic acid (Chembridge ID 5303660) in order to analyze the binding mode. This novel X-ray 

crystallography structure will provide a definitive answer to whether the ligand is a competitive 

inhibitor of YopH and a potential drug against Yersinia pestis infection. 
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Appendix A 

 

The coding DNA sequence was as follows: 

 
atgcgcgaacgcccgcataccagcggccatcatggcgcgggcgaagcgcgcgcgaccgcgccgagcaccgtgagcccgtatggccc
ggaagcgcgcgcggaactgagcagccgcctgaccaccctgcgcaacaccctggcgccggcgaccaacgatccgcgctatctgcaggc
gtgcggcggcgaaaaactgaaccgctttcgcgatattcagtgccgccgccagaccgcggtgcgcgcggatctgaacgcgaactatattca
ggtgggcaacacccgcaccattgcgtgccagtatccgctgcagagccagctggaaagccattttcgcatgctggcggaaaaccgcaccc
cggtgctggcggtgctggcgagcagcagcgaaattgcgaaccagcgctttggcatgccggattattttcgccagagcggcacctatggca
gcattaccgtggaaagcaaaatgacccagcaggtgggcctgggcgatggcattatggcggatatgtataccctgaccattcgcgaagcgg
gccagaaaaccattagcgtgccggtggtgcatgtgggcaactggccggatcagaccgcggtgagcagcgaagtgaccaaagcgctggc
gagcctggtggatcagaccgcggaaaccaaacgcaacatgtatgaaagcaaaggcagcagcgcggtggcggatgatagcaaactgcg
cccggtgattcattgccgcgcgggcgtgggccgcaccgcgcagctgattggcgcgatgtgcatgaacgatagccgcaacagccagctga
gcgtggaagatatggtgagccagatgcgcgtgcagcgcaacggcattatggtgcagaaagatgaacagctggatgtgctgattaaactgg
cggaaggccagggccgcccgctgctgaacagc 
 
The oligonucleotides used were as follows (from a Codon Optimized Sequence (DNAWorks 
(v3.2.3), 2016)): 
 
 
1 ATGCGTGAACGTCCTCACACCAGCGGTCACCACGGTGCGGGTGAGGCGCGTGCGACG 57 
1GTTCCGCACGGGCTTCCGGACCGTATGGAGAAACGGTAGAAGGAGCCGTCGCACGCGCCT 60 
1 GAAGCCCGTGCGGAACTGAGCTCTCGTCTGACCACCCTGCGTAATACCCTGGCTCCGGCG 60 
1 TCAGTTTTTCACCACCGCACGCCTGGAGGTAACGCGGGTCGTTGGTCGCCGGAGCCAGGG 60 
1 TGCGGTGGTGAAAAACTGAACCGTTTTCGTGACATCCAGTGTCGTCGCCAGACTGCTGTA 60 
1 GGTGTTACCGACCTGGATATAGTTCGCGTTCAGGTCCGCGCGTACAGCAGTCTGGCGACG 60 
1 CTATATCCAGGTCGGTAACACCCGTACCATCGCGTGCCAGTATCCGCTGCAATCTCAACT 60 
1 CCGGGGTGCGGTTTTCGGCCAGCATACGGAAGTGAGACTCCAGTTGAGATTGCAGCGGAT 60 
1 GAAAACCGCACCCCGGTGCTCGCGGTTCTGGCGTCCTCCTCTGAAATCGCTAACCAGCGC 60 
1 CCGTAGGTACCAGATTGACGAAAGTAGTCCGGCATACCAAAGCGCTGGTTAGCGATTTCA 60 
1 CGTCAATCTGGTACCTACGGCTCTATCACCGTTGAATCTAAGATGACCCAGCAAGTTGGC 60 
1 GATGGTCAGCGTGTACATGTCCGCCATGATACCGTCACCCAGGCCAACTTGCTGGGTCAT 60 
1 ACATGTACACGCTGACCATCCGTGAAGCCGGTCAGAAAACCATCAGCGTCCCAGTGGTCC 60 
1 AACCTCGCTGCTAACTGCGGTCTGATCCGGCCAGTTACCAACGTGGACCACTGGGACGCT 60 
1GCAGTTAGCAGCGAGGTTACGAAAGCCCTCGCGTCTCTGGTTGACCAAACGGCGGAGACT 60 
1 CCGCAACCGCAGAAGAACCTTTGCTTTCATACATGTTACGTTTAGTCTCCGCCGTTTGGT 60 
1 TTCTTCTGCGGTTGCGGACGACTCTAAACTGCGTCCTGTTATTCACTGCCGTGCCGGTGT 60 
1 GAATCGTTCATGCACATCGCACCGATCAGCTGCGCGGTACGACCTACACCGGCACGGCAG 60 
1 GCGATGTGCATGAACGATTCTCGTAACAGCCAGCTGTCTGTCGAAGATATGGTTTCTCAG 60 
1 CTTTCTGAACCATGATGCCATTACGCTGAACACGCATCTGAGAAACCATATCTTCGACAG 60 
1ATGGCATCATGGTTCAGAAAGACGAACAACTCGACGTACTCATCAAACTGGCGGAAGGTC 60 
1 TTAAGAGTTCAGCAGTGGACGACCCTGACCTTCCGCCAGTTTGAT 45 
 




