


Abstract 

Histidine acid phosphatase (hap) is an important enzyme in the bacteria Francisella 

Tularensis that is responsible for the cleavage of phosphate groups from phosphorylated proteins. 

Here, we report on the process for discovering potential inhibitors of the hap enzyme. A sample 

of the active enzyme was obtained through cloning of the DNA sequence and expression and 

purification of the enzyme. Using the GOLD program, virtual screening was performed on a 

crystal structure of the hap enzyme found in the Protein Database (PDB) and two compounds 

from the top results were ordered from ChemBridge. Three compounds, the two found from 

virtual screening and a third random compound, were tested for inhibition using a 

spectrophotometric assay. Out of the three compounds, only compound 5852635 showed 

potential inhibition of the hap enzyme after enzyme inhibition assays. Further work can now be 

done on compound 5852635 to determine whether it will consistently inhibit the hap enzyme and 

the IC50 of this compound. Also, more virtual screening work can be done to find other 

compounds which inhibit the hap enzyme. 



 

Introduction 

 Tularemia, or rabbit fever, is a disease caused by the gram negative bacteria Francisella 

Tularensis. The Centers for Disease Control and Prevention have classified it as a class A agent 

because of its ease of spread by aerosol and high virulence, which make it a potential 

bioterrorism weapon. Tularemia is fatal in about 5% of untreated cases and 1% of treated cases 

and complications can include bone infections, infection of the sac around the heart, meningitis, 

and pneumonia.  

 The drug target chosen for Francisella tularensis is a histidine acid phosphatase because 

acid phosphatases have been shown to be essential for the intracellular survival and virulence of 

these bacteria. Studies have shown that the F. tualrensis bacteria genome contains four different 

acid phosphatases, AcpA, AcpB, AcpC, and hap, the last one being the histidine acid 

phosphatase
3
. While hap is not as often studied as AcpA, the results of studying AcpA also 

provide insight into how hap works. By deleting the AcpA gene, researchers created a mutant F. 

tularensis which they tested on mice. Results showed that mice injected with the mutant survived 

longer that those with the wild type, which means that AcpA contributes to the virulence of F. 

tularensis. It is not known yet what the exact role of hap in the bacteria is, but because the 

enzyme appears in the outer membrane of the cell, possible functions could include affecting the 

host membrane, interrupting host signaling pathways, or simply a phosphate scavenger for the 

bacteria. 

 Histidine acid phosphatases are part of the wider family of protein tyrosine phosphatases 

which have an enzyme number of 3.1.3.48. The natural substrates for the hap enzyme are 

phosphorylated proteins. Figure 1 below reveals the reaction mechanism for this enzyme using p-

nitrophenyl phosphate, or pNPP, as the substrate. Unlike protein tyrosine phosphatase, the 



 

natural substrate in histidine acid phosphatase is usually other enzymes or molecules that contain 

a phosphate group since the purpose of this enzyme is to cleave the phosphate group from its 

substrate. However, the reaction mechanism is still the same.  

 

Figure 1: The reaction mechanism for protein tyrosine phosphatases. 

 

A 3 dimensional structure of F. tularensis hap does exist in the PDB and its PDB 

identifier is 3IT0. However, it has been modified so that the first 16 residues have been cut off. 

This is because hap is a trans-membrane protein, which makes it difficult to purify. The first few 

residues are what encode for the portion of the enzyme that is in the membrane, so removing 

them makes it much easier to purify the protein. The PDB structures also contain extra molecules 

from crystallization, so those molecules were removed. 

The F. tularensis hap consists of two chains and each chain has its own active site. The 

image below depicts the two chain and both active sites clearly. There is a clear symmetry 

between the two chains. The cyan chain has the same structure as the green chain, except that it 

has been rotated 180 degrees in order to fit together with the green chain. Each chain also is 

composed of two domains with the active site located at the junction of those two domains. 

Therefore, in total the hap enzyme is comprised of four domains with two unique domains and 

two copies. 

 



 

 

Figure 2: The green and cyan halves represent the two chains of F. tularensis hap. The active 

site is colored in magenta and shown as sticks and the phosphate ion substrate is shown as 

spheres.  

 

 

 

 

 

 

 

 

 

 



 

Materials and Methods 

Cloning: 

 In order to obtain an active sample of the hap gene, the gene must first be synthesized 

and cloned into the pNIC-Bsa4 vector for eventual expression and purification. Primers were 

first designed for primer overlap assembly which creates the hap gene. In order to do this, the 

DNA sequence must first be obtained from the NCBI site and the length for the hap gene is 1056 

nucleotides long. Afterwards, the sequence must be codon optimized for the organism in which 

this gene will be expressed in. The DNA Works website (http://helixweb.nih.gov/dnaworks/) was 

used to generate this codon optimized sequence. The website was also used to split the sequence 

into ~60 nucleotide long oligos, or primers. These primers overlap each other so that by 

overlapping and connecting all the primers together the sequence for the hap gene could be 

obtained. In total 26 oligonucleotides were generated for the hap gene and ordered online (IDT, 

Coralville, IA). The sequences for these are shown below.  

 

   

 

 

 

 

 

 

 

 

 

 

http://helixweb.nih.gov/dnaworks/


 

  1 ATGAAGAAAATCTTTGTTAGCTTTACTCTGCTCTTCTTCCTGATTCCGGTGGG  53 

  2 GACGGGTGATCATAGACACGAAGATCAGCTTAGAAGAGTAACCCACCGGAATCAGGAAGA  60 

  3 CGTGTCTATGATCACCCGTCACGGCGATCGTGCGCCGTTTGCGAACATCGAAAACGCGAA  60 

  4 CGATTGGGGTCAGCTCAGACAGTTCGGTACCCCAAGAGTAGTTCGCGTTTTCGATGTTCG  60 

  5 CTGAGCTGACCCCAATCGGTATGAACCAGGAATACAATCTGGGTCTCCAGCTGCGTAAAC  60 

  6 AACGTAGTGCTCCGGCAGCAGACCGAATTTGTCGATGTAACGTTTACGCAGCTGGAGACC  60 

  7 TGCCGGAGCACTACGTTGACCAATCTATCTACGTCCTGTCTTCTCACACGAATCGTACCG  60 

  8 GCTGGGTACAGACCCATCAGCAGAGATTGCGCAGAAACAACGGTACGATTCGTGTGAGAA  60 

  9 TGATGGGTCTGTACCCAGCGGGTACGGGTCCGCTGATCGGTGACGGCGACCCGGCAATCA  60 

 10 GTCCGCAGACAGGGTCATGATCGGGATCGGCTGGAAACGGTCTTTGATTGCCGGGTCGCC  60 

 11 TGACCCTGTCTGCGGACTCTCGTCTGATCCAGTTCCCGTACGAACAGTACCTGGCGGTTC  60 

 12 TTTGTTTTGCCACTCCGGGCTGTTGTACACGTACTTTTTCAGAACCGCCAGGTACTGTTC  60 

 13 CCCGGAGTGGCAAAACAAAACCAAAGAAGCGGCTCCGAACTTTGCCAAATGGCAGCAAAT  60 

 14 GGTGATGACGTCGTTCAGACCAGAGATACGATTACCCAGGATTTGCTGCCATTTGGCAAA  60 

 15 GTCTGAACGACGTCATCACCGTTGGTGACGTTCTGATCGTGGCCCAGGCGCATGGCAAGC  60 

 16 GATGATCTGGTCCGCGTCTTCTTGAGACAGACCTTTCGGCAGCGGCTTGCCATGCGCCTG  60 

 17 GACGCGGACCAGATCATCGCGCTGACCGACTGGGGTCTGGCGCAGCAGTTCAAATCTCAG  60 

 18 TACGGTTGGTCAGTTTACCACCCATGATGTAAGAAACTTTCTGAGATTTGAACTGCTGCG  60 

 19 GTGGTAAACTGACCAACCGTATGATCGAAGACCTCAACAACGCGGTTAATGGTAAATCTA  60 

 20 GTGAGGTCGTGACCGGAGTAGTAGGTCATTTTGTATTTAGATTTACCATTAACCGCGTTG  60 

 21 TCCGGTCACGACCTCACCCTGCTCGAAGTTATGGGTACTCTGGGTGTTCCGCTGGACACC  60 

 22 CCTTGTACAGTTCCATTTCCAGGTTGCTCGCGTAACCTGGGGCGGTGTCCAGCGGAACAC  60 

 23 CTGGAAATGGAACTGTACAAGGATGGTGACATCTACACCGTTAAACTGCGTTACAACGGC  60 

 24 AGAGTTGTTTTTGTCCATGATAGGCAGTTTCACATACTTGCCGTTGTAACGCAGTTTAAC  60 

 25 CCTATCATGGACAAAAACAACTCTTGCTCTCTGGACGCTCTGAACAAATACATGCAGTCT  60 

 26 TTATTTCTGGAATTTTTCGTTGATAGACTGCATGTATTTGTTCAGAG  47 

 

Figure 3: The 26 primers generated using the DNA Works website. The first column of numbers 

represents the number of primer on that row and the second column of numbers represents the 

number of codons in the primer. 

 

 



 

Primary PCR was performed on a mixture of all the oligos to synthesize a full length hap 

gene. The PCR was run in 10X reaction buffer, 25 mM MgSO4, 2mM dNTPs, 1 μM of the oligo 

mix, and 1 U/μl of KOD hotstart Polymerase. The PCR should be run at 95°C for 2 minutes, 

95°C for 20 seconds, 58°C for 10 seconds, 70°C for 20 seconds, the go back to step 2 and repeat 

19 more times, and finally finish at 70°C for 2 minutes. Figure 4 below shows how the primers 

overlap and how PCR was used to synthesize the full length gene. 

 

 

 

 

 

 

 

 

 

Figure 4: Each solid line represents one primer and the dashed lines represent portions of the 

DNA that are filled in during PCR by the polymerase. 

 

 

 

 

 

1o PCR 



 

Primary PCR will produce not only the full length gene but also some fragments of the 

gene. Therefore in order to amplify specifically the whole length gene synthesized, a secondary 

PCR was performed. The secondary PCR used the same components as primary PCR, except 

instead of an Oligo Mix, the primary PCR product was used as well as a 20μM forward primer 

(the first primer ordered from DNA Works) and a 20μM reverse primer (the last primer ordered 

from DNA Works). The forward and reverse primer will amplify only a full length gene so the 

product from secondary PCR will contain a high concentration of the full length hap gene and a 

small amount of the fragments left over from primary PCR. 

 After secondary PCR, a portion of the products from primary PCR and secondary PCR 

were run on a 1% agarose gel with Ethidium Bromide. The gel lane containing the primary PCR 

product should only appear as a smudge since that product contains a mixture of different sized 

fragments of the hap gene. However, the gel lane for secondary PCR should contain one strong 

band at around the same size as the hap gene since the full length gene should have been 

amplified during secondary PCR. If the yield from secondary PCR was high enough then PCR 

cleanup (Sigma, St. Louis, MO) could be performed on the secondary PCR product. This 

procedure will remove any buffer used during PCR and elute the DNA in 50 μl of 5mM Tris HCl. 

Otherwise if the yield was not high enough, PCR squared could have been performed to amplify 

the gene even further and produce greater yields before moving on to PCR cleanup. 

 After successfully synthesizing the full length hap gene and producing a good yield for it, 

the next step was to clone the gene into a pUC19 plasmid vector. First the pUC19 vector must be 

cut using restriction enzyme digestion. The restriction enzyme used in this case was SmaI 

because it did not cut in the middle of the hap gene and produced blunt ends. Two tubes of the 

cut plasmid were prepared, one experimental and one control. The components used for this 



 

digestion was 50 ng of the pUC19 plasmid, 2.4 μl of 10X ligase buffer, 0.5 μl of SmaI, and 

enough DDW to make a total volume of 24 μl. The mixture was wrapped in Parafilm and 

incubated in a water bath at 25°C for about 1 hour. 

 During the incubation period, two LB+Ampicillin agar plates with 60 μl of 100mM IPTG 

and 20 μl of 40 μg/μl X-Gal were prepared for Blue/White Screening. After the incubation 

period, 150 ng of the insert, which is the full length gene synthesized during PCR primer overlap, 

was added to the experimental tube. Then 1 μl of T4 DNA Ligase was added to both tubes and 

the tubes were left at room temperature for 1-2 hours. After incubating at room temperature the 

reaction was terminated by heat blocking both tubes at 65°C for 20 minutes.  

 Immediately after the ligation reaction, the plasmids were transformed into NEB DH5α 

High Efficiency Competent Cells (NEB, Woods Hollow, MA). 15 μl from each tube was added 

to 25 μl of these cells and incubated on ice for 30 minutes. Then they were heat shocked for 30 

seconds in a 42°C water bath to allow for the plasmid to pass through the membrane of the 

bacteria. Immediately afterwards the two tubes were placed on ice and 175 μl of prewarmed 

SOC was added to give the bacteria nutrients to recover. The tubes were then incubated and 

shook in a 37°C shaker for 1 hour. After the incubation period, the mixtures from each tube were 

spread onto the two plates prepared earlier and the plates were incubated overnight upside down 

at 37°C. 

 The next morning the control plate should contain no colonies and the experimental plate 

should contain blue and white colonies. The white colonies on the experimental plate are 

colonies that could possibly contain the pUC19 plasmid inserted with the hap gene. This is 

because the pUC19 plasmid contains Ampicillin resistance so those colonies that grew must have 

this plasmid. Also the white colonies could potentially contain the hap gene because it means 



 

that the gene that caused the colonies to turn blue was interrupted by the insertion of some gene. 

8 of these white colonies were then picked and used to create a master plate and 8 tubes. The 8 

tubes contained 5mL of LB, 10 μl of Ampicillin, and the pipette tip used to pick each colony. 

The 8 tubes were left in the 37°C shaker to grow for 8 hours, the original plate was wrapped in 

Parafilm and stored at 4°C, and the master plate was left in the 37°C incubator to grow overnight.  

 After 8 hours, the tubes were taken out of the incubator, and spun down. The pellets were 

saved and the next day the Miniprep Kit was used to extract the plasmid from each pellet. The 

DNA was eluted with 5mM of Tris HCl and the Nanodrop spectrophotometer to determine the 

concentration of the DNA. Finally the DNA samples with the best concentration were chosen 

and sent to DNA sequencing wing the M13 Forward (-40) and M13 Reverse (-48) primers. The 

sequencing results would help determine whether the hap gene was actually inserted into the 

pUC19 plasmid and whether any mutations occurred or not. 

After a successful cloning of the hap gene into pUC19, the gene must then be cloned into 

the pNIC-Bsa4 plasmid. Since the BsaI restriction enzyme does not produce blunt ends like the 

SmaI restriction enzyme did, new primers must be designed that will produce the same type of 

ends on the hap gene as the BsaI will produce. However, it must be noted that the hap gene is a 

transmembrane protein so the section that encodes for this transmembrane portion of the protein 

must be cut off. Therefore the forward primer was designed so that first 48 nucleotides were cut 

off. The forward primer designed was TACTTCCAATCATGGTGGGTTACTCTTCT and the 

reverse primer was TATCCACCTTTACTGTTATTTCTGGAATTTTTCG. Using an oligo 

analyzer website (http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/) the Tm was 

obtained for the forward and reverse primer at 0.4 μM Oligo conc., 50 mM Na
+
, 0.3 mM dNTPs, 

http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/


 

and various concentration of Mg
++

. These Tm were used later to determine the temperature for 

the annealing step of the PCR.  

 After the forward and reverse primers arrived, PCR was performed to copy the hap gene 

from the pUC19 plasmid that was earlier inserted with the hap gene. First a test PCR must be 

done to determine the Mg
++

 concentration that will produce the best amplification. 5 different 

concentrations, 0mM, 1.5mM, 2mM, 4mM, and 6mM, were tested, and the result was that the 

4mM concentration produced the thickest band after using a 1% agarose gel to check the PCR 

products. Then an upscale version of the PCR was done using the 4mM concentration of Mg
++

. 

This upscale version consisted of 5 tubes each containing 5 μl of 10X KOD buffer, 8 μl of MgCl2, 

7.5 μl of 2mM dNTP, 8 μl of 2.5μM forward primer, 8 μl of 2.5μM reverse primer, 2μl of 6ng/μl 

of the previously inserted pUC19 plasmid, 9.5 μl of water, and 2μl of 0.5U/μl of KOD DNA 

polymerase. The PCR settings were 94°C for 1 minute, 98°C for 15 seconds, 54.4°C (this 

temperature was derived using the Tm obtained earlier) for 15 seconds, cycled back to step 2 for 

19 more cycles, and finished at 4°C storage. 

 The PCR product was the pooled together and the buffer was removed using PCR 

cleanup. The pNIC-Bsa4 accepting vector was then cut using 2.25 μg of pNIC-Bsa4 plasmid, 2.5 

μl of NEB buffer 4, 0.25μl of 100X Bsa, and 1μl of BsaI restriction enzyme. The cut accepting 

vector was also treated using PCR cleanup to remove the buffers. Afterwards, cohesive end 

generation was performed on the PCR product and the cut accepting vector separately. Both of 

the reactions required 10X T4 DNA polymerase buffer, 5mM DTT, 0.1mg/ml 100X Bsa, and 

around 3 units of T4 DNA polymerase. The PCR product reaction required 2.5mM of dCTP 

while the accepting vector reaction required 2.5mM of dGTP. The mixtures were then incubated 

for 30 minutes at 22°C and then inactivated at 75°C for 20 minutes. 



 

 The annealing and transformation step was then performed immediately after cohesive 

end generation. 2μl of the T4-treated accepting vector was mixed with 4μl of the T4-treated 

insert/PCR product. The mixture sat at room temperature for 10 minutes before being transferred 

to ice. Then 25 μl of DH5α competent cells were added to the mixture before being incubated on 

ice for 30 minutes. Afterwards, the mixture with the cells was heat shocked at 42°C for 30 

seconds before adding 100μl of prewarmed SOC. The tubes were then shaken at 37°C for 1 hour 

before spreading it over an LB-agar plate with 50μg/ml kanamycin and 5% sucrose. The 

kanamycin will kill any bacteria without the pNIC-Bsa4 plasmid since that plasmid contains 

kanamycin resistance, and the sucrose will kill any bacteria without a gene inserted into the 

region of the plasmid that encodes for the SacB suicide gene. The plates were then incubated 

overnight at 37°C. 

 After a day 8 colonies were picked to make a master plate, and those same 8 colonies 

were grown up in 5mL of LB and 50 μg/ml kanamycin. After a 16 hour growth period in the 

37°C shaker, the tubes were then spun down. The pellets were saved and the plasmid was 

extracted using the Miniprep kit. The products were then sent to DNA sequencing using pLIC 

forward and reverse primers and 300ng of DNA. 

 After determining which plasmids contained the hap gene, a higher yield of those 

plasmids must be produced so that it can be used later. This is done by picking a positive colony 

from the master plate and growing it overnight in 80mL of LB with 50μg/mL of kanamycin. The 

colony was then transferred to two 50mL conical tubes and spun down. The pellets were saved 

and the plasmid was extracted from it using the Midi prep kit. Finally a check was done on the 

new plasmid stock by sending it to DNA sequencing. 

 



 

Expression and Purification: 

 Once the hap gene was successfully cloned into the pNIC-Bsa4 vector, the gene must 

then be expressed and purified to produce the enzyme used in future enzyme assay. The plasmid 

was first transformed into BL21(DE3) E. Coli bacteria cells. 50ng of DNA and 50 ul of cells 

were combined and iced for 20 minutes. Then the cells were heat shocked at 42°C for 30 seconds 

and afterwards iced for 2 more minutes. 250 ul of SOC were added to give the heat shocked cells 

nutrients and then the cells were shaken at 37°C for 30 minutes. 10ul and 50ul of the cells were 

plated onto two separate plates with kanamycin. 

 After the cells were grown, two separate single colonies were picked and inoculated in 

separate 250ml flasks with 50ml of LB media and kanamycin. They were then grown overnight. 

The next morning 10ml of the sample was placed in 500ml of LB in a 2L flask. Then the OD at 

600nm was taken using a Red Tide Spectrophotometer (Ocean Optics) and more of the sample 

was added until the OD reached 0.1. The flasks were then left in the shaking incubator at 37°C to 

allow the bacteria to grow. Every 30 minutes the OD was checked to monitor the growth of the 

bacteria, and once the OD reached 0.300, 500mM of IPTG was added to the flask. IPTG was 

used to induce the expression of the hap gene within the bacteria. After 4 hours the bacteria was 

spun down in a centrifuge with a JA-10 rotor at 6000 g for 20 minutes. After spinning the 

bacteria down, the supernatant was poured out into a waste container since the hap protein was 

located inside the bacteria pellet. The pellet was then stored overnight at -80°C.  

 The next day, the pellets were lysed using a Lysis Reagent made from 2mL of B-PER, 

300mM NaCl, 10mM Imidazole, 10mM TCEP, 1mM PMSF, 1mg/ml of Lysozyme, and 50 

Unites of Benzonase. The pellets were resuspended in this Lysis Reagent and incubated at room 

temperature for 20 minutes. Afterwards, the sample was transferred into a high speed centrifuge 



 

tube and spun down using a Beckman centrifuge with a JA-17 rotor for 30 minutes at 20,000g. 

Once the sample was spun down, the liquid supernatant was saved and the pellet was discarded 

since, the hap gene is soluble. This soluble fraction was stored overnight at 4°C.  

 The next day, the pH of the protein was adjusted to around 7.5-8 and then purified using 

a 20ml Bio-Rad chromatography column. First, 0.5ml of prepared Ni-NTA resin was added to 

the tube containing the liquid supernatant and incubated on ice for 45 minutes. Then the entire 

mixture was transferred into the column and the resin was allowed to settle for 5 minutes. 

Afterwards, the liquid in the column was allowed to flow through and collected as waste. Then, 

the column was washed with 5mL of Wash Buffer in order to remove any proteins that are only 

loosely bound to the resin. The Wash Buffer contained 100mM of Tris, 300mM of NaCl, and 

30mM of imidazole. Finally the tagged protein was released from the Ni-NTA resin using 5mL 

of a buffer with a high concentration of imidazole. The Elution buffer contained 100mM of Tris, 

300mM of NaCl, and 300mM of imidazole. A second elution was also performed in order to 

thoroughly remove any protein attached to the resin.  

 After the protein was purified, the samples were also characterized using a SDS-PAGE 

gel. The bottom gel was 12% and made using 2.15mL of water, 1.25mL of 1M Tris-HCl, 50ul of 

10% SDS, 31ul of 10% APS, 1.5mL of 40% acrylamide, and 10ul of TEMED. The stacking gel 

was 5% and made using 1.58mL of water, 625ul of 0.5M Tris-HCl, 25ul of 10% SDS, 25ul of 10% 

APS, 250ul of 40% acrylamide, 5ul of TEMED, and 1 grain of bromophenol blue powder. The 

gel was run at 200V for 35 minutes and then stained using Imperial Protein Stain for 1-2 hours. 

Then the gel was destained with nanopure and dried at 75°C on Gradient cycle for 2 hours.  

 Because the gel showed that the purified protein also contained other proteins, FPLC was 

used to further purify the protein. After FPLC the protein was concentrated down to 1mL using a 



 

GE Healthcare Vivaspin Spin Tube Concentrator. Since the truncated hap protein is 37733.2 

Daltons the protein will not fall through the filter. After concentrating the protein, the final 

concentration was calculated using the absorbance taken from the Nanodrop spectrophotometer. 

Finally the protein was stored using 10% glycerol and placed in a -20°C freezer. 

 

Virtual Screening: 

 In order to determine which compounds could be potential inhibitors virtual screening 

must be performed on several libraries of compounds. Virtual screening was performed using the 

GOLD (Cambridge, UK) program in order to search for potential inhibitors. GOLD first takes a 

prepared file of the structure of the protein – in this case hap – and a library of compounds to 

screen. Then GOLD takes each compound in the library and tries to fit the compound into the 

active site of the protein structure. Each compound will have a specified number of poses or 

conformations to try before GOLD takes the top scoring pose and saves it. The higher the score, 

the more likely the compound will inhibit the enzyme. Each pose is scored based on Van der 

Waals forces, hydrogen bonds, hydrophobic interactions, and strain penalties. The actual 

equation used is given below. 

                                                

The GOLD program was run on a TI3D Drug Discovery Cluster, which contains 16 HP 

proliant BL35P blades. Each blade contains 2 dual core AMD Opteron 2.4 GHz processors, 

which means that each processor has 2 cores, giving a total of 32 processors and 64 parallel cores. 

Each bade also contains 8 GB of memory and a 6 GB ATA hard disk drive. The front-end of the 

cluster is an HP xw9300 Workstation, equipped with a dual core AMD Opteron 2.4 GHz 



 

processor, an NVIDIA Quadro FX4500 graphics car, a 4 GB memory, and two 500 GB SATA 

hard drives that is backed up through a RAID5 network. 

 Since the GOLD program needs a protein file, the hap crystal structure for Francisella 

Tularensis was taken from the Protein Data Bank. Specifically the 3IT0 structure was used. 

The .pdb protein file was then prepared using the Hermes program for the GOLD. First, since the 

hap gene contains two chains, one of those chains was removed. Then any ligands that were not 

the phosphate ion were also removed. Next, 3,097 hydrogens were added and 253 waters were 

removed, and finally, the phosphate ion was extracted. There were no metals in the crystal 

structure taken from the PDB so that step of the protein file preparation was skipped.  

 The libraries that have already been screened are cb_306_3d.sdf (306 ligands), CB-

kin_UT.sdf (4,000 ligands), and Chembridge-diversity3D.sdf (50,000 ligands). Future libraries 

that can be screened are MicroFormats3D.sdf, HF9PlatesPlates5_9.sdf (400 ligands), and 

MayBridge50k_3D.sdf (50,000 ligands). The libraries from the Chembridge database are 

cb_306_3d, CB-kin_UT, MW-set_3D, MicroFormats3D, and HF9PlatesPlates5_9. The 

MayBridge50k_3D is the only library from the Maybridge database. 

When a library is screened, it is split into a certain number of independent GOLD jobs 

based on the size of the library being scanned. Each job works on a certain portion of the library 

and is run on different processors that are running in parallel. The reasoning behind splitting the 

library and running them on separate processors is so that the entire library is completed much 

faster. First, a preliminary run is performed on the entire library. Afterwards, the top 10% ligands 

with the highest scores are saved and a second run is performed on those ligands. Then the top 

10% of the ligands from the second run are saved and analyzed. In the end only 1% of the entire 



 

library is saved. After each library is scanned, all the results from each library are pooled 

together and two more runs are performed to get the final best ligands.  

After the GOLD jobs are completed, the poses of the top 5 ligands with the best scores 

were verified in PyMOL (Schrodinger, DeLano Scientific LCC, Portland OR) to make sure that 

there were not any anomalies in how GOLD docked them. The final ligands were chosen based 

on Lipinski’s Rules that require a molecular weight less than 500kD, a logP less than 5, less than 

5 hydrogen bond donors, and less than 10 hydrogen bond acceptors. If a ligand did not match 

these requirements then they would not be suitable as a drug and the next top scoring ligand 

would be checked. In the end one compound was chosen from the CB-kin_UT database and 

another compound was chosen from the Chembridge Diversity database, which was screened by 

Jose Olmos. 

 

Enzyme Assays: 

After purifying the hap enzyme, and enzyme assay was performed to determine whether 

the hap was active and what concentration of the enzyme should be used later in the inhibition 

assay. First the enzyme stock was diluted to 2ng/ul using 50mM Tris Acetate Buffer. Then water, 

8ul of 500mM Tris-acetate, and 8mM of 100mM MgCl2 were place in 8 different tubes. Then 0, 

5, 10, 20, 30, 40, 50, and 60 ul of the enzyme was placed into each respective tube and the 

mixture was incubated for 10 minutes at room temperature. Afterwards 4ul of 10mM pNPP was 

added to each tube and left in a 37°C water bath for 10 minutes. Finally the reaction was stopped 

using 320ul of 0.25N NaOH. The assay is a light based assay with the absorbance measured at 

410nm since the product of the assay is a p-Nitrophenylene anion which is yellow and can be 



 

measured at around 405nm. It was determined that the best amount of enzyme to add is 5ul of a 

17.34ng/ul concentration of enzyme. 

Next, an enzyme assay was performed in which the amount of pNPP substrate and time 

were both varied to determine the enzyme kinetics of hap. The same amount of reagents was 

used in this assay as in the previous assay except for the constant amount of enzyme that was 

determined in the last assay. The amount of pNPP in each tube were 0.25mM, 0.5mM, 1mM, 

2mM, 4mM, 6mM, 8mM, and 10mM respectively. In the end, it was determined that the Km was 

1.55 mM. 

Finally after the compounds that had been ordered arrived, an inhibition assay was 

performed using the amount of enzyme determined in the first assay and the concentration of 

pNPP using the Km determined in the second assay. The inhibition assay varied the amount of 

the compound ordered and used 1% DMSO in the control tubes. 0.1mM, 0.2mM, 0.3mM, 

0.4mM, and 0.6mM of the ordered compound was used respectively and the final tube contained 

0.01mM of Orthovanadate as a positive inhibition control compound. The three compounds 

tested were compound 7923489, compound 5852635, and compound 5154121.  

 

Results and Data 

Cloning: 

 The Primary and Secondary PCR’s successfully constructed a full length hap gene. 

Figure 5 shows that the primary PCR produced fragments and the secondary PCR produced a 

significant amount of the full length gene. After performing an upscaled PCR of the hap gene 

during the pNIC-Bsa4 cloning process, a gel check was also used to determine whether the gene 



 

was actually amplified or not. Figure 6 shows that the hap gene was indeed amplified because all 

the bands are located at the correct length of the hap gene.  

During pNIC-Bsa4 cloning, the pNIC-Bsa4 accepting vector was also cut using 

restriction enzyme digest and a gel check was also performed to determine whether the vector 

was cut correctly. Figure 7 shows that the pNIC-Bsa4 plasmid was indeed cut correctly because 

there are two bands for the cut plasmid and both bands are smaller than the full length plasmid. 

The hap gene was successfully cloned into the pNIC-Bsa4 plasmid because DNA sequencing 

results matched up with the predicted DNA sequence of the hap gene.  

 

 

 

Figure 5: Primary and Secondary PCR gel checks. Lane 2 contains the ladder, lane 3 contains 

the primary PCR results, and lane 4 contains the secondary PCR results. The other lanes are PCR 

results of other students.  

 



 

 

Figure 6: A gel check of the upscaled PCR using 4mM of MgCl2. Lane 2 contains the ladder, 

lanes 3-7 contain the PCR product, and lane 8 contains the no DNA control. 

 

 

Figure 7: A gel check of the restriction enzyme digest of pNIC-Bsa4. Lane 2 contains the ladder, 

lane 3 contains the uncut pNIC-Bsa4 plasmid, and lane 4 contains the cut pNIC-Bsa4 plasmid.  



 

Expression and Purification: 

 The purity of the expressed hap protein was determined through an SDS-PAGE gel check. 

Figure 8 shows that elution 1 (lane 7) was relatively pure with a small amount of another protein 

bands, and elution 2 (lane 8) was very pure with no other protein bands showing. Figure 9 shows 

a graph of the FPLC purification process. There is a large peak towards the right side of the 

graph that represents the hap protein eluting off the column between the 29 kDa and 44 kDa 

standards, which matches the expected size of the hap protein, 37.6 kDa. 

 

 

Figure 8: Characterization gel of different samples collected during expression and purification. 

Lane 1 contains the ladder, lane 2 contains a sample of the bacteria before induction, lane 3 

contains a sample of the bacteria after induction, lane 4 contains a sample of the liquid 

supernatant after the cell was lysed, lane 5 contains the waste during purification, lane 6 contains 

the wash, lane 7 contains elution 1, and lane 8 contains elution 2.  

 

 



 

 

 

Figure 9: FPLC graph that shows the absorbance of the elution at different times during the 

process. The solid blue line represents the elution absorbance while the dotted line is a standard 

containing Carbonic Anhydrase (29 kDa), Ovalbumin (44 kDa), and Conalbumin (75 kDa). The 

Elution peak of hap appears between the Carbonic Anhydrase and Ovalbumin peaks.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Virtual Screening:  

 After screening the different libraries the top 5 ligands and their Lipinski’s information 

was determined. Table 1 shows the top 5 ligands from the CB-kin UT database with their 

Lipinski’s information. Table 2 shows the top 5 ligands from the Chembridge diversity database 

with Linpinski’s information. The compounds that were tested in the enzyme assay were 

compound 7923489, 5852635, and 5154121. The structures for these three compounds are in 

figures 10, 11, and 12 respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 1: Table of GOLD and Lipinski’s information for the top 5 compounds from CB-kin_UT 

database.  

Compound 

ID 

Rank  GOLD 

fitness 

score 

S(hb_ext) S(vdw_ext) S(hb_int) S(int) MW LogP Rotatable 

Bonds 

Donors 

H-bond 

Acceptors 

H-bond 

7924132 1 89.81 17.49 54.44 0 -2.54 480 4.83 6 2 4 

7923414 2 89.16 16.02 54.36 0 -1.6 461 3.68 6 2 5 

7923489 3 88.71 16.72 52.96 0 -0.83 467 3.2 6 2 5 

7923889 4 86.2 17.51 51.55 0 -2.19 438 3.75 6 2 4 

7911276 5 84.26 0 61.83 0 -0.76 509 3.38 6 1 7 

 

 

 

Table 2: Table of GOLD and Lipinski’s information for the top 5 compounds from the 

Chembridge diveristy database.  

Compound 

ID 

Rank  GOLD 

fitness 

score 

S(hb_ext) S(vdw_ext) S(hb_int) S(int) MW LogP Rotatable 

Bonds 

Donors 

H-bond 

Acceptors 

H-bond 

7724050 1 99.99 41.33 42.94 0 -0.37 348.4 0.3 5 1 7 

7685728 2 99.39 39.71 44.73 0 -1.82 332.4 1.06 5 1 6 

7604130 3 98.09 27.41 55.47 0 -5.59 451.5 3.497 6 3 4 

5173237 8 92.84 25.57 51.91 0 -4.1 394.5 2.4 6 2 4 

5771436 9 92.83 32.18 45.88 0 -2.44 365.5 2.75 7 1 4 

 

 

 

 

 

 



 

 

Figure 10: Structure of compound 7923489. 

 

 

Figure 11: Structure of compound 5852635. 

 

 

 

Figure 12: Structure of compound 5154121 

 

 



 

The reason why the enzyme is named histidine acid phosphatase is because the active site 

contains 2 histidine residues which aid in the dephosphorylation of the substrate. Figure 13 

depicts that active site containing a phosphate ion with the histidine residue highlighted. The four 

oxygen atoms on the phosphate ion are forming a very large number of polar contacts with the 

nitrogen atoms in the residues of the active site. There is also a water molecule not shown in the 

image that also aids in the reaction. One interesting thing to note is that figure 13 depicts the 

phosphate ion in the active site after the dephosphorylation reaction has already occurred and the 

actual substrate has left. 

 Compound 7923489 that was used in the enzyme assay was also docked using GOLD 

and viewed in PyMOL. Figure 14 shows this compound in the active site of the hap enzyme. The 

number of polar contacts for this pose is not as large as the number for the phosphate ion but the 

5 that do occur account for its relatively large GOLD fitness score.  

The top scoring ligand in the CB-kin_UT database is compound 7924132. The docking 

pose predicted by GOLD is shown in figure 15. There are quite a few polar contacts very much 

like how the phosphate ion interacted with the active site. There are also a few hydrophobic 

interactions between Phe23 and the pyridine ring in the compound. Both the polar and 

hydrophobic interactions account for the high GOLD fitness score. These interactions are all 

labeled in figure 15. 

 

 

 

 



 

 

Figure 13: The active site of F. tularensis hap is colored in cyan and shown as sticks. The 

histidine residues are shown in magenta and the phosphate ion is colored in orange. A large 

number of polar contacts are also represented by the yellow dashed lines and the distance 

between the atoms are labeled. 



 

 

Figure 14: Compound 7923489, colored green, docked in the active site of F. tularensis hap, 

which is colored in cyan and shown as sticks. The polar contacts are shown as yellow dashed 

lines and the distance in Angstroms is labeled in black. 



 

 

Figure 15: Compound 7924132, in green, docked in the active site of the hap enzyme, in cyan, 

both depicted as sticks. The histidines are colored magenta. The hydrophobic interactions are 

colored yellow and the polar contacts are colored black. All the distances in Angstroms are 

labeled black as well.  

 

 

 

 

 

 

 

 



 

Enzyme and Inhibition Assays: 

 The results from the enzyme assay showed that as the amount of enzyme increased the 

absorbance also increased linearly. The no Enzyme control reaction had an absorbance of 0 

which proved that reactions did not occur without the hap enzyme. The absorbance values with 

the concentration of enzyme are shown in table 3. In the end 1.25 ng/ul of enzyme was chosen as 

the concentration to use in future assays because it had one of the highest absorbances less than 2. 

The 1.5 ng/ul amount of enzyme was not chosen because it was the last data point, and it is 

uncertain without further data whether the data is reliable. A graph of the results is shown in 

figure 16.  

The results from the enzyme kinetics assay showed that the more pNPP added and the 

longer the reaction time was the higher the absorbance was. However, once a certain 

concentration of pNPP was reached, the absorbance plateaued. This is due to the fact that the 

reaction mixture became saturated with pNPP and the enzyme did not have enough time to 

dephosphorylate all of them. Once again, the no Enzyme control had an absorbance of 0 which 

meant no reaction took place. Table 4 shows the results of this assay. Using a Lineweaver-Burk 

plot, the Km was determined to be 1.55 mM. The pNPP concentration chosen for future assays is 

1 mM because it is slightly below the Km to allow for competitive inhibition. The graphs 

depicting these results are shown along with the Lineweaver-Burk plot in figures 17 and 18 

respectively. 

 

 

 



 

Table 3: Table of enzyme activity tests with varied enzyme concentrations and the resulting 

absorbance for each concentration.  

Enzyme Conc 

(ng/ul) 

Reading 1 

(absorbance) 

Reading 2 

(absorbance) 

Average 

Absorbance 

Average 

minus the 

control 

0 0.001 0 0.0005 0 

0.125 0.096 0.119 0.1075 0.107 

0.25 0.259 0.26 0.2595 0.259 

0.5 0.463 0.465 0.464 0.4635 

0.75 0.476 0.47 0.473 0.4725 

1 0.67 0.678 0.674 0.6735 

1.25 0.741 0.759 0.75 0.7495 

1.5 0.946 0.915 0.9305 0.93 

 

 

Figure 16: Graph of hap Enzyme Assay. Absorbance at 410 nm after 10 minutes at 37°C was 

measured for 0.5 mM pNPP, 10 mM MgCl2, and 50mM tris-acetate, in 80 ul final reaction 

volume and stopped with 320 ul of 0.25N NaOH. Enzyme concentrations varied from 0ng/ul, 

0.125ng/ul, 0.25ng/ul, 0.5ng/ul, 0.75ng/ul, 1.0ng/ul, 1.25ng/ul, and 1.5ng/ul (n=2).  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

A
b

so
rb

an
ce

 

Enzyme Concentration (ng/ul) 

Vary Enzyme Conc. Activity Test 



 

Table 4: Absorbance values from the enzyme kinetics assay where both pNPP concentration and 

reaction time were varied. 

Absorbance Concentration of pNPP (mM) 

Reaction 

Time (min) 

0 0.1 0.2 0.5 1 2 

2 0.054833 0.104167 0.157667 0.2715 0.439167 0.903 

4 0.059 0.123667 0.186333 0.341333 0.5725 1.2925 

6 0.056667 0.146833 0.240333 0.447 0.759833 1.687 

8 0.054333 0.184167 0.278333 0.559167 0.9565 2.185333 

10 0.064333 0.205 0.3265 0.6105 1.117833 2.721333 

15 0.058667 0.225833 0.366833 0.7755 1.379833 3.245 

20 0.057 0.249667 0.459833 0.843667 1.726167 3.855333 

25 0.059 0.251 0.433833 0.883833 1.7745 3.8505 

 

 

Figure 17: Graph of hap Enzyme Kinetics Assay. Absorbance at 410 nm after 2 min, 4 min, 6 

min, 8 min, 10 min, 15 min, 20 min, and 25 min at 37°C was measured for 1.25ng/ul of Enzyme, 

10 mM MgCl2, and 50mM tris-acetate, in 80 ul final reaction volume and stopped with 320 ul of 

0.25N NaOH. pNPP concentrations varied from 0 ng/ul, 0.1 ng/ul, 0.2 ng/ul, 0.25 ng/ul, 0.5 ng/ul, 

1.0 ng/ul, and 2.0 ng/ul (n=2). 
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Figure 18: Lineweaver-Burk plot based on data from the Enzyme Kinetics Assay. Using the 

linear regression equation, the x-intercept was determined to be -0.644 which helped determine 

the Km of 1.55 mM. 
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 Three separate inhibition assays were performed, one on compound 7923489, 5852635, 

and 5154121. For each assay the no Enzyme control reaction yielded an absorbance of 0.  

 The inhibition assay for compound 7923489 yielded the following results: an absorbance 

of 1.046 for the first 1% DMSO control, 0.840 for the second 1% DMSO control, 0.903 for 

0.1mM of the compound, 0.930 for 0.2mM of the compound, 1.103 for 0.3mM of the compound, 

1.316 for 0.4mM of the compound, 1.360 for 0.6mM of the compound and 0.456 for 0.001mM 

of orthovanadate. The graph for this data is shown in figure 19.  

The inhibition assay for compound 5852635 yielded the following results: an absorbance 

of 1.890 for the first 1% DMSO control, 1.516 for the second 1% DMSO control, 0.464 for 

0.1mM of the compound, 0.495 for 0.2mM of the compound, 0.287 for 0.3mM of the compound, 

0.341 for 0.4mM of the compound, 0.404 for 0.6mM of the compound and 0.845 for 0.001mM 

of orthovanadate. The graph for this data is shown in figure 20. 

The inhibition assay for compound 5154121 yielded the following results: an absorbance 

of 0.905 for the 1% DMSO control, 0.873 for 0.1mM of the compound, 0.872 for 0.2mM of the 

compound, 0.960 for 0.3mM of the compound, 0.804 for 0.4mM of the compound, 0.787 for 

0.6mM of the compound and 0.599 for 0.001mM of orthovanadate. The graph for this data is 

shown in figure 21. 

 

 

 



 

 

Figure 19: Graph of hap enzyme Inhibition Assay with Compound 7923489. Absorbance at 410 

nm after 10 minutes at 37°C was measured for 86.7ng of enzyme, 10 mM MgCl2, 50mM tris-

acetate, and 0.2mM pNPP in 80 ul final reaction volume and stopped with 320 ul of 0.25N 

NaOH.  % DMSO varied from 1, 1, 1, 1, 2, 3, 4, 6, and 5. Compund 7923489 varied from 

0.1mM, 0.2mM, 0.3mM, 0.4mM, and 0.6mM. Orthovanadate concentration was at 0.001mM. 

(n=2) 

Compound 

7923489 

 



 

 

Figure 20: Graph of hap enzyme Inhibition Assay with Compound 5852635. Absorbance at 410 

nm after 10 minutes at 37°C was measured for 86.7ng of enzyme, 10 mM MgCl2, 50mM tris-

acetate, and 0.2mM pNPP in 80 ul final reaction volume and stopped with 320 ul of 0.25N 

NaOH.  % DMSO varied from 1, 1, 1, 1, 2, 3, 4, 6, and 5 respectively. Compund 5852635 varied 

from 0.1mM, 0.2mM, 0.3mM, 0.4mM, and 0.6mM. Orthovanadate concentration was at 

0.001mM. (n=2) 

 



 

 

Figure 21: Graph of hap enzyme Inhibition Assay with Compound 5154121. Absorbance at 410 

nm after 10 minutes at 37°C was measured for 1.25 ng/ul of enzyme, 10 mM MgCl2, 50mM tris-

acetate, and 1 mM pNPP in 80 ul final reaction volume and stopped with 320 ul of 0.25N 

NaOH.  % DMSO varied from 1, 1, 1, 1, 2, 3, 4, 6, and 5 respectively. Compund 5154121 varied 

from 0.1mM, 0.2mM, 0.3mM, 0.4mM, and 0.6mM. Orthovanadate concentration was at 

0.001mM. (n=2) 
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Discussion:  

 During expression, one of the most difficult steps was determining the correct time to add 

IPTG. Since the IPTG should be added before the growth of the bacteria plateaus, the OD of the 

bacteria was monitored every 30 minutes. However, it was difficult to determine when the 

growth of the bacteria began to plateau. At first, the IPTG was added at an OD of 0.6, but by that 

time the bacteria had already begun to stop growing. Then the process was altered to add the 

IPTG at an OD of 0.3 which was much better because that was the OD at which the growth just 

began to plateau.  

 Another difficulty was isolating a sample of the hap enzyme. At first, it was not known 

that the hap enzyme was actually a transmembrane enzyme. Without this knowledge the hap 

protein could not be isolated and purified since it was stuck in the insoluble pellet after lysis of 

the bacteria cells. In order to account for the transmembrane portion of the protein, the hap gene 

sequence was changed and the first 16 amino acids were removed. The protein was then re-

cloned, expressed, and purified before obtaining an active sample of the hap enzyme.  

 The inhibition assay using compounds 7923489 and 5154121 were not successful. The 

compounds did not inhibit the hap enzyme at all since the all the absorbance values for that 

compound were around the same as the control values. One possible reason for this could be 

because the compound did not bind in the active site like GOLD predicted. Another reason could 

be that the compounds were not competitive enough to prevent the pNPP from entering the 

active site. The standard deviations for compound 7923489 was rather high because the first run 

was left in the incubator longer than the second run and consequently the reaction was allowed to 

go on longer.  



 

 The inhibition assay using compound 5852635 was very successful. Even at the lowest 

concentration of the compound, the absorbance was reduced significantly. One main difference 

between this compound and compound 7923489 is that at the sulfur atom there is an OH group 

on compound 5852635 instead of the NH2 group of compound 7923489. The OH group could 

introduce more polar contacts with the active site thereby increasing the chances of inhibition. In 

order to confirm this X-ray crystallography would have to be performed to determine how each 

compound binds to the active site. The large standard deviations on some of the reactions could 

be due to inconsistent pipetting of the reagents or other inconsistencies in reagent amounts. 

 

Conclusion and Future Direction: 

 Through the use of PCR primer overlap, cloning, expression, and purification techniques, 

an active sample of the hap enzyme was obtained and used in enzyme and inhibition assays. The 

compounds used in the inhibition assays were determined using virtual screening and the result 

of the inhibition assay was the discovery of compound 5852635 as a potential hap enzyme 

inhibitor. More assays would need to be performed to determine the consistency of this 

inhibition. The next step would be to determine the IC50 of this compound. In order to discover 

more and potentially better inhibitors, more chemical libraries should be screened. Also different 

virtual screening programs such as ICM and AutoDock could be used and compared against 

GOLD to discover even more potential inhibitors. Finally crystal structures of the inhibitors 

bound inside the active site of hap should be determined and used to analyze why certain 

inhibitors were more successful than others. These results would give more insight into how the 

hap enzyme functions and aid in determining which compounds would make better inhibitors. 

 



 

Bibliography: 

1. BRENDA. EC 3.1.3.48 - protein-tyrosine-phosphatase. http://www.brenda-

enzymes.org/php/result_flat.php4?ecno=3.1.3.48 (accessed Oct 10, 2011). 

2. EXPASY. ProtParam. http://web.expasy.org/cgi-bin/protparam/protparam (accessed Oct 10, 

2011). 

3. Felts, R. L.; Reilly, T. J.; Calcutt, M. J.; Tanner, J. J., Crystallization of a newly discovered 

histidine acid phosphatase from Francisella tularensis. Acta Crystallogr Sect F Struct Biol 

Cryst Commun 2006, 62 (Pt 1), 32-5. 

4. McRae, S.; Pagliai, F. A.; Mohapatra, N. P.; Gener, A.; Mahmou, A. S.; Gunn, J. S.; Lorca, 

G. L.; Gonzalez, C. F., Inhibition of AcpA phosphatase activity with ascorbate attenuates 

Francisella tularensis intramacrophage survival. J Biol Chem 2010, 285 (8), 5171-7. 

5. Mohapatra, N. P.; Balagopal, A.; Soni, S.; Schlesinger, L. S.; Gunn, J. S., AcpA is a 

Francisella acid phosphatase that affects intramacrophage survival and virulence. Infect 

Immun 2007, 75 (1), 390-6. 

6. Oyston, P. C.; Sjostedt, A.; Titball, R. W., Tularaemia: bioterrorism defence renews interest 

in Francisella tularensis. Nat Rev Microbiol 2004, 2 (12), 967-78. 

7. Protein Data Bank. Crystal Structure Francisella tularensis histidine acid phosphatase 

complexed with phosphate. http://www.rcsb.org/pdb/explore/explore.do?structureId=3IT0. 

(accessed Oct 10, 2011). 

8. Reilly, T. J.; Tanner, J. J., Crystal Structures of the histidine acid phosphatase from 

Francisella tularensis provide insight into substrate recognition. J Mol Biol 2009, 394 (5), 

893-904. 

 

http://www.brenda-enzymes.org/php/result_flat.php4?ecno=3.1.3.48
http://www.brenda-enzymes.org/php/result_flat.php4?ecno=3.1.3.48
http://web.expasy.org/cgi-bin/protparam/protparam
http://www.rcsb.org/pdb/explore/explore.do?structureId=3IT0


 

 

 


	img001
	DS_Thesis



