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ABSTRACT 

Escherichia coli is a gram-negative bacillus bacterium, most known for inhabiting the 

enteric system of warm-blooded animals including humans. Although most strains of E. coli are 

innocuous and have a commensalistic relationship with their host, there are a few strains that 

are pathogenic and can be responsible for certain illnesses in humans. The numerous strains of 

E. coli in existence make the development of pathogenic strain-specific antibacterials quite 

difficult. Thus, the aim to create a broad spectrum inhibitor against many strains of E.coli is 

much more feasible through targeting a crucial and ubiquitous protein or enzyme conserved 

throughout all the strains.  

Dihydrofolate reductase (DHFR) is a major drug target because it is a ubiquitous enzyme 

that acts in a reaction mechanism to help produce tetrahydrofolic acid, which is then used by 

rapidly dividing cells to synthesize DNA precursors. The Escherichia coli dihydrofolate reductase 

(ecDHFR) enzyme was the target for development of an inhibitor. The method used to identify 

potential inhibitors included virtual (drug) screening. The virtual .pdb file of the ecDHFR enzyme 

was obtained from the protein database website. The GOLD virtual docking program was then 

used to dock virtual ligands, from numerous premade libraries that consisted of ~400,000 

ligands total, into the active site of the target enzyme. Results indicated that the ligand 

identified as NRB00358 from the Maybridge/Ryan Scientific had a high binding affinity 

according to the GOLD program, was easily available for purchase, and was in concordance with 

Lipinski’s Rule of 5 for orally active drugs.  

In concert with the virtual screening, the ecDHFR protein was produced in the wet lab 

for further testing. This included cloning the ecDHFR enzyme gene into an expression vector 
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before actually expressing the protein using BL21(DE3) cells. The ecDHFR was further purified 

using affinity chromatography, and characterized on a PAGE-gel.  

Wet-lab testing of one of the virtual screening top-scoring ligands (NRB00358 from 

Maybridge/Ryan Scientific) via a spectrophotometric enzyme inhibition assay showed no 

inhibition of ecDHFR activity. In addition to this, the top 3 ligands from the screen of cb-306_3d 

library: 5282931, 7722615, and 6407567 were also run in inhibition assays (due to their 

immediate availability in the wet lab), but also yielded no inhibition of the enzyme. This shows 

that virtual screening is an imperfect measure of the ligand’s binding affinity, and may not 

necessarily predict its inhibitory qualities on the target protein. Even as such, it is hoped that 

further analysis of other top ligands from the virtual screening results will yield potential hits 

against this enzyme. 
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INTRODUCTION: 

Organism of Interest 

Escherichia coli constitute a large and diverse group of Gram-negative, facultative 

anaerobic, rod-shaped bacterium with the majority of strains being benign in nature.11 

Although E. coli constitute part of the natural flora of bacteria in the human intestine, certain 

serotypes can be pathogenic (disease-causing).11 Serotypes refer to the subdivision of the 

organism based on its surface antigens rather than traditional evolutionary relatedness. These 

diseases can range from diarrhea, to urinary tract infections, respiratory illness and pneumonia, 

among other illnesses. The pathogenicity of E. coli is dependent upon its serotype as well as the 

organism’s environment.8,11 Strains not associated with the human gut can be transferred there 

when food containing exogenous E. coli is ingested without proper cooking and washing 

beforehand.  One other common source of E. coli infection is the ingestion of water containing 

fecal matter. Some strains of E. coli derive their pathogenicity from being able to produce shiga 

toxin.8 Of these shiga toxin producing serotypes, the most commonly identified one in North 

America is E. coli  O157:H7. As such, it is the most heavily researched and studied of all the serotypes.  

 

Purpose of Research 

As addressed previously, the pathogenicity of certain strains of E. coli make it a good 

target for drug design. With the numerous amount of strains and serotypes present though, 

developing antibiotics tailored towards only specific disease-causing E. coli would be expensive 
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and highly unfeasible. Since only 20% of the genome is conserved and shared between all E. coli 

strains, it would be more effective to develop a broad spectrum antibacterial against all strains 

of E.coli as well as other similar bacteria or prokaryotic organisms.7 To do this, one would target 

a crucial and conserved protein/enzyme across all E. coli strains for inhibition. 

 

Target Protein/Enzyme of Interest 

The common name (as provided by the Brenda website: http://www.brenda-

enzymes.org/) of the enzyme in this particular study is Escherichia coli Dihydrofolate Reductase 

(or ecDHFR). DHFR is a major drug target because it is crucial to nucleic acid metabolism. DHFR 

converts dihydrofolate into tetrahydrofolate, which is necessary for the creation of purines and 

thymidylic acid that are the building blocks of DNA.1,6 In effect, DHFR is an enzyme that helps 

promote DNA synthesis and thereby cell division.6  

Its EC number is 1.5.1.3. This EC Number shows that ecDHFR belongs to the 

oxidoreductase group of enzymes (catalyzes the transfer of electrons from one molecule (the 

reductant, or electron donor) to another (the oxidant, or electron acceptor)), as signified by the 

first digit, 1 in the number. Furthermore, the second digit of the EC number, 5, shows this 

enzyme acts on the CH-NH group of donors, while the third digit, 1, signifies that the enzyme 

uses NAD or NADP as the acceptor.1 This is all in the particular case of the 1.5.1.3 EC Number of 

the specific ecDHFR, of which the last digit 3, identifies is as the dihydrofolate reductase 

enzyme. The main substrate of ecDHFR is 7,8-dihydrofolate + NADPH  and it has many cofactors 

including: 3-acetylpyridine adenine nucleotide, NADH, NADP+, and NADPH among others.1  

http://en.wikipedia.org/wiki/Purine
http://en.wikipedia.org/wiki/Thymidine_monophosphate
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Reducing_agent
http://en.wikipedia.org/wiki/Electron_donor
http://en.wikipedia.org/wiki/Oxidant
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Because DHFR is a necessary enzyme of nucleotide and amino acid synthesis, its over 

expression or constitutive activation has been linked to cancerous cell growth.6 Most drugs 

developed to inhibit DHFR have been successfully used in some cancer therapies in order to at 

least slow down this out-of-control cell division. Many pharmaceuticals target DHFR for their 

drug development, because inhibition of this enzyme could lead to the cure of cancer in the 

near future.  

 

Known Inhibitors 

Currently, there are three main known inhibitors of ecDHFR: 1) Trimethoprim; 2) 

Methotrexate; and 3) 1,4-phenylenebis(methylene) bis(N-[amino(imino)methyl] 

(imidothiocarbamate)).3,4 Many others possible inhibitors are currently being tested by 

pharmaceutical firms, but they may still be in the earlier stages of drug design. Of the three 

drugs, Trimethoprim and Methotrexate seem to be the most well-researched and used. 

Trimethoprim is an established drug with few adverse effects, and binds much more 

strongly to bacterial DHFR than to the human enzyme.4 Methotrexate by contrast, binds well to 

the human DHFR analog and has been used in cancer therapy.3 Its use as a drug though, has 

been linked to some adverse side effects including anemia, nausea and vomiting, and diarrhea 

among other conditions. It is also considered a teratogenic drug that can cause birth defects in 

babies if the mother takes it during pregnancy. Both drugs are dihydrofolate (also known as 

folic acid) derivatives, and thus work by competitive inhibition against the natural dihydrofolate 

substrate to bind in the active site of DHFR. As such, when these drugs are present, their 

http://en.wikipedia.org/wiki/Anemia
http://en.wikipedia.org/wiki/Nausea
http://en.wikipedia.org/wiki/Vomiting
http://en.wikipedia.org/wiki/Diarrhea
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occupation in the space of DHFR’s active site disallows dihydrofolate to bind. This stops the 

conversion of dihydrofolate to tetrahydrofolate and interferes immensely with the de novo 

synthesis process for purines.  

 

Process of Virtual Screening and Background 

 Traditionally in drug design, pharmaceutical firms follow 5 major steps: 1) Target 

Validation—to see if binding to the target protein has any medically useful effects whatsoever. 

2) Assay development (Robust and High Throughput)—to find a way to properly measure the 

binding strength of different ligands in the protein active site. 3) Lead Compound 

Identification—to find something that works and binds, (usually a ligand) no matter how poorly. 

Traditionally this step involved performing wet lab assays to test each individual ligands biding 

affinity to the target protein. 4) Lead Optimization—Alter the lead compound’s orientation and 

configuration to make it bind better. 5) Testing the Potential Drug In Vivo (cells, animals, clinical 

trials). The virtual drug screening process usually begins in the third and fourth steps and aims 

to make them more efficient. This method includes the use of computer software and virtual 

drug screening programs to ultimately identify ligands that could possibly inhibit the target 

protein under study.2,9 Most of these large libraries of ligands are screened with the potential 

thought of using them as drugs by way of binding-inhibition to or binding-activation of a 

protein.2,9  

For the protein under study, an x-ray crystal structure of the protein structure is 

desirable and is often undertaken. This allows other scientists and researchers to analyze the 
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structures and input the necessary information into a computer file in order for the drug 

screening process to become “virtualized”. The step of obtaining the crystal structure via x-ray 

can usually be bypassed if there is already a computer file for that specific protein. Most virtual 

structures of protein are kept online as .pdb files.9 The largest data bank for these pdb files is 

online and is called the Protein Data Bank. Its website 

(http://www.rcsb.org/pdb/home/home.do) is what allows other researchers to download the 

protein’s virtual structures and begin work with them right away. Once the target protein’s pdb 

file is obtained, virtual screening can begin. This step uses a parallel computing program to 

‘dock’ the ligands into the protein target.2,9 The program works by taking the protein structure 

and a library of possible ligand structures as inputs.1,2 The computer then sorts through the 

ligands, docking each one into the protein virtually. As it does so, it also changes the 

conformation of each ligand through the rotatable bonds. This really helps to show which 

orientation fits the protein’s active site most closely as well as which conformation puts the 

least amount of strain on the ligand and on the protein’s active site since it too must somewhat 

change through induced fit.9 Once a number of other factors are also accounted for in the 

ligand-protein interaction, the program will rank the candidate drugs according to their binding 

strength. 

This is usually the end of the virtual drug discovery portion. From here on, the inhibitory 

effects of the best ligands must be validated in the wet lab using enzyme assays. It is easy to see 

why the process of virtual drug screening can benefit drug development as a whole. It is 

relatively cheap and efficient, and thus able to cut down on the number of drugs that should be 

tested in their entirety in a wet lab.1,2  
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MATERIALS AND METHODS: 

Dry/CPU Lab – ecDHFR Sequence and Information 

From the NCBI website, the nucleotide gene coding sequence as well as the translated 

amino acid sequence of the ecDHFR (folA) gene was obtained: 

 
Figure 1: Nucleotide sequence of Escherichia coli dihydrofolate reductase gene obtained from searching the 
http://www.ncbi.nlm.nih.gov/ website. 
 

 

 
Figure 2: Translated amino acid sequence of Escherichia coli dihydrofolate reductase gene obtained from searching 
the http://www.ncbi.nlm.nih.gov/ website. 

 

For ecDHFR, the ExPASy website reported (after inputting the folA amino acid sequence for 

search parameters—http://ca.expasy.org/tools/protparam.html) the pI isoelectric point at a 

theoretical 4.84, the molecular weight at 17999.3 Da, the make-up from 159 amino acids, and 

the molar extinction coefficient at 33585 M-1 cm-1, (assuming all pairs of Cys residues form 

cystines) at 280 nm measured in water. 

 

>gene="folA" Dihydrofolate reductase (159 aa)—Escherichia Coli 

(Ascension Number: AAA87976)    

MISLIAALAVDRVIGMENAMPWNLPADLAWFKRNTLNKPVIMGRHTWESIGRPLPGRKNIILSSQPGTD

DRVTWVKSVDEAIAACGDVPEIMVIGGGRVYEQFLPKAQKLYLTHIDAEVEGDTHFPDYEPDDWESVFS

EFHDADAQNSHSYCFEILERR 

>EG10326 folA Dihydrofolate reductase (480 bp)—Escherichia Coli 

(Accession Number: J01609)  

   1 atgatcagtc tgattgcggc gttagcggta gatcgcgtta tcggcatgga aaacgccatg 

       61 ccgtggaacc tgcctgccga tctcgcctgg tttaaacgca acaccttaaa taaacccgtg 

      121 attatgggcc gccatacctg ggaatcaatc ggtcgtccgt tgccaggacg caaaaatatt 

      181 atcctcagca gtcaaccggg tacggacgat cgcgtaacgt gggtgaagtc ggtggatgaa 

      241 gccatcgcgg cgtgtggtga cgtaccagaa atcatggtga ttggcggcgg tcgcgtttat 

      301 gaacagttct tgccaaaagc gcaaaaactg tatctgacgc atatcgacgc agaagtggaa 

      361 ggcgacaccc atttcccgga ttacgagccg gatgactggg aatcggtatt cagcgaattc 

      421 cacgatgctg atgcgcagaa ctctcacagc tattgctttg agattctgga gcggcggtaa 

 

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://ca.expasy.org/tools/protparam.html
http://www.ncbi.nlm.nih.gov/nuccore/J01609


 
Adam 

9 
 

Wet Lab - Gene Insert PCR 

 The first step was PCR amplification of the nucleotide coding sequence for E. Coli DHFR 

(folA gene) using a genomic DNA template. This was done on a BioRad PCR machine, performed 

at a 60°C annealing temperature and 60 second extension cycles as modifications to the original 

protocol. In addition, it is important to note that VDS primers 7 and 8b as the (forward and 

reverse primers for the folA gene respectively) were used in the PCR amplification process as 

well (VDS 7 primer sequence: 5’-TACTTCCAATCCATG ATC AGT CTG ATT GCG GCG-3’, VDS 8b 

primer sequence: 5’-TATCCACCTTTACTG TTA CCG CCG CTC CAG AAT CTC-3’). Also, after finding 

a concentration of reagents that worked, 5 samples were cloned each at 2mM MgCl2, 50mM 

Na+, 0.2 dNTP, and 20 ng of genomic Escherichia Coli genomic DNA as template.  

 

Wet Lab – Ligation-Independent Cloning and Transformation 

The next step was annealing of the PCR cloned ecDHFR gene into the plasmid using 

ligation-independent cloning and transforming the plasmid into bacterial cells. The 

vector/plasmid for this procedure was pNIC-Bsa4. It was chosen because its T7 promoter site 

made it ideal for transcription of the inserted gene. Also, the Kanamycin Resistance and SacB 

genes allowed for selection of only transformants that took up the proper vector with the folA 

gene inserts. Lastly, the pNIC-Bsa4 vector contains a 6-His tag that fuses with the N-terminus of 

the gene insert, allowing for purification of the protein of once it is expressed.  The pNIC-Bsa4 

vector was digested using BsaI enzyme. Then, cohesive ends were generated on the ecDHFR 

insert (PCR product) and cut pNIC-Bsa4 plasmid using dCTP and dGTP respectively. Finally, for 
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annealing and transformation, ~2µl of the T4 DNA Polymerase-treated Accepting Vector (pNIC-

Bsa4) was used to have ~4µl of T4-treated Insert (ecDHFR/folA gene) annealed to it. The cells 

used for the transformation were (25µl) One Shot MAX Efficiency DH5αTM T1R Competent Cells 

(NEB, Woods Hollow, MA). The method of transformation included heat shocking the mix for 30 

seconds in a 42°C water bath. The transformation mix was then plated on LB/Agar plates with 

50µg/ml Kanamycin and 5% Sucrose, to selectively control/kill off any cells containing plasmid 

without the PCR inserts (eliminated those that did not have the folA gene insert with negative 

selection using the SacB coding sequence). 

 

Wet Lab – Mini-prep and Validation of Plasmid Insert Sequence 

 A master plate was then made from 8 single colonies picked off the transformant plate 

and 8 corresponding sample cultures were grown up as well. The DH5α cells used in the 

previous transformation were subcloning cells and thus used to scale up the Plasmid DNA. Mini-

prep (Sigma-Aldrich, St. Louis, MO) was then performed to concentrate the plasmids and to 

isolate out the plasmid DNA from the lipids, proteins and genomic DNA of the competent cells. 

In the next part, Restriction Enzyme digest was used to check that the gene was truly present in 

the plasmid (EcoRI was used). To further confirm this, a sample from the mini prep (Sample #1) 

was sent to The University of Texas at Austin DNA Sequencing Facility (a DNA sequencing core), 

and then the sequence returned BLASTed afterwards (using the pLIC-forward and pLIC-reverse 

primers) in comparison to the ecDHFR EG10325 480bp folA gene.  
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Wet Lab – Scaled Up Protein Expression 

The next step was to scale up the protein expression. Mini-prep sample (#1) was used 

and transformed into the BL21(DE3) (Invitrogen) cells which can actually express the protein at 

high levels.12 A small culture (5ml LB broth, 5µl of 50µg/ml Kanamycin, and a single colony from 

overnight transformation) was grown and then later made into a large culture (250ml LB broth, 

5µl of 50µg/ml Kanamycin, and small culture addition). The optical density OD (@600nm) was 

taken using a spectrophotometer (Ocean Optics™ Red Tide UV-VIS Spectrometer) and once it 

reached ~0.8, IPTG was added (for a final concentration of 100mM) to induce the protein 

expression of T7 polymerase. After an adequate waiting period to allow expression, the cultures 

were spun down. The supernatant was decanted and cell pellets resuspended in lysis buffer 

along with lysozyme. The whole solution was then frozen overnight at -20°C, and then thawed 

the next day in a beaker of water at room temperature. The reason for this freeze/thaw cycle 

was that it helped to break up the cell membranes.12 The next step was to add the benzonase in 

order to digest the DNA and RNA within the lysed cells. This would theoretically leave mostly 

the protein left in solution, which was spun down after waiting. Once spun down, the 

supernatant was removed from the pellet of insoluble RNA, DNA, lipids, and proteins that 

precipitated out.  

 

Wet Lab – Protein Purification using Ni-NTA Affinity Chromatography 

Following protein expression was protein purification. This proceeded via the use of a 5-prime 

chromatography column in Ni-NTA affinity chromatography purification.13 Ni-NTA (Nickel) resin was 
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used in order to have the 6-His tagged ecDHFR protein bind strongly to it, while the other non-

target proteins are washed off. A buffer with a high concentration of imidazole was used to 

release the tagged protein from the Ni-NTA resin. The imidazole theoretically outcompetes the 

6-His tag portion of the ecDHFR protein in binding the Ni-NTA beads. After concentrating the 

eluted and purified protein using a Spin Tube Concentrator (PIERCE iCONTM, Rockford, IL), a 

spectrophotometric nanodrop was used to measure the absorbance of the protein at the 

280nm wavelength. The concentration of the whole protein sample was then calculated using 

Beer’s law and the previously obtained molar extinction coefficient. Glycerol was also added to 

stabilize the enzyme during storage and enzyme assays. 

 

Dry/CPU Lab – Virtual Screening using GOLD 

 During the steps of growing, expressing, and purifying the ecDHFR protein, virtual 

screening programs were run to identify any ligand hits for ecDHFR.9 Specifically, a molecular 

docking was performed using GOLD (CCDC, United Kingdom) software to screen libraries for 

potential ligands against ecDHFR. In the end, more than ~400,000 ligands were screened using 

15 different premade ligand libraries (we do not know how many compounds were identical 

across the libraries) (Table 1). The libraries screened included: cb-306_3d ~306 ligands; CB-

kin_UT ~4000 ligands; ChemBridge-diversity3D ~49797; conformersLOPAC_3d ~1528 ligands; 

Fragment-set_3D ~3963 ligands; HF9_180_Plates_1um3D_catnum ~14400 ligands; 

HF9PlatesPlates5_9 ~400 ligands; ION_Channel3D ~6581 ligands; KINASet3d ~12351 ligands; 

LOPAC_3d ~1280 ligands; Maybridge50k ~53038 ligands; MicroFormats3D ~183121 ligands; 
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MW-set_3D ~30000 ligandsNIH_ClinCol3Ded ~446 ligands; and zincSigmaLibrary ~1001 ligands 

(Table 1).  

The top ten percent of the ligands screened from each library were rescreened where 

the top 20-30 ligands of the second run were recorded. The ligands from the second run of 

each library were combined into one aggregate ecDHFR ligand file (~703 ligands), which was 

given a final screening. (It should be noted that many of the smaller libraries, usually those 

containing less than 2000 ligands, were only put through one screening run where the top 20-

30 best ranking ligands by fitness score were saved for the aggregate screen). After the 

screening, all 703 output ligand conformers were then arranged based on their binding affinity 

and GOLD fitness score from highest to lowest. The top ten ligands reported from the aggregate 

screening (Table 2) had their physico-chemical properties taken and they were arranged from 

best to worst on this basis (Table 3). The final list was used in order to decide which ligand to 

purchase for testing in subsequent enzyme assays. 

  

  

Wet Lab – Spectrophotometric Enzyme/Inhibition Assays 

For the enzyme assays (Sigma-Aldrich, St. Louis, MO), two types were run: 1) 

spectrophotometric enzyme assay with no inhibitors, 2) spectrophotometric enzyme assay with 

inhibitors. In the first assay, increasing concentrations of the ecDHFR grown up enzyme was 

tested against steady concentrations of NADPH and DHF substrates.1 Also, the dihydrofolate 

reductase stock enzyme provided by the kit was run as a blank and as a test to see if the 
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experiment enzyme was working properly. The second enzyme assay test was done with 4 

different ligands from the virtual screening (NRB00358 from Maybridge/Ryan Scientific library; 

5282931, 7722615, and 6407567 from cb-306_3d library). In this assay, the concentration of 

grown-up enzyme remained the same while the concentration of ligand was varied (per 

cuvette, 500µl total volume: 16µM ecDHFR, 60µM NADPH, 50µM DHF, 0.1nM up to 1000nM of 

ligand, rest was 1X Assay Buffer). Also, either Trimethoprim or Methotrexate, both known 

inhibitors of ecDHFR, were run as bases to check the inhibitory effects of the new ligand 

against. In both assays, the Red Tide UV-VIS Spectrometer was used to measure the absorbance 

at 340nm every 15 seconds for 2.5minutes. 340nm is the wavelength at which NADPH absorbs 

light. Thus, drop in the starting absorbance over time would implicate ecDHFR enzyme 

functionality through NADPH conversion to NADP+ as DHF substrate is converted to THF.1 For 

inhibition, it would be ideal for the absorption value to stay plateaued at its initial value, as this 

would show no NADPH being converted to NADP+.1 In essence, the catalysis of the reaction to 

convert DHF to THF would be inhibited as well as the ecDHFR enzyme. In the end, optical 

density/min or % enzymatic activity calculations were done for each of the reactions for all 

enzyme assay tests. 

 

 

 

 

 

 



 
Adam 

15 
 

RESULTS: 

Figure 3: Results from the BLAST and DNA sequencing core showed that the EG10325 folA gene had 39% query 

coverage on the subject sequence of Sample 1 under the pLIC-for primer. In this coverage, there was a 100% max 

identification of the two sequences. The pLIC-rev primer was also tested against the EG10325 folA gene in the 

same manner (BLAST not shown) and resulted in 38% query coverage with a 100% max identification. As the 

presence of the folA gene was confirmed, at least in the Sample 1 from the Mini-Prep, only that sample was used 

in the continuing procedures i.e. protein expression, purification, enzyme assays, etc. 

 

 

 

 

 

>lcl|34939  

Length=510 

 

 Score =  887 bits (480),  Expect = 0.0 

 Identities = 480/480 (100%), Gaps = 0/480 (0%) 

 Strand=Plus/Plus 

 

Query  100  ATGATCAGTCTGATTGCGGCGTTAGCGGTAGATCGCGTTATCGGCATGGAAAACGCCATG  159 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  1    ATGATCAGTCTGATTGCGGCGTTAGCGGTAGATCGCGTTATCGGCATGGAAAACGCCATG  60 

 

Query  160  CCGTGGAACCTGCCTGCCGATCTCGCCTGGTTTAAACGCAACACCTTAAATAAACCCGTG  219 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  61   CCGTGGAACCTGCCTGCCGATCTCGCCTGGTTTAAACGCAACACCTTAAATAAACCCGTG  120 

 

Query  220  ATTATGGGCCGCCATACCTGGGAATCAATCGGTCGTCCGTTGCCAGGACGCAAAAATATT  279 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  121  ATTATGGGCCGCCATACCTGGGAATCAATCGGTCGTCCGTTGCCAGGACGCAAAAATATT  180 

 

Query  280  ATCCTCAGCAGTCAACCGGGTACGGACGATCGCGTAACGTGGGTGAAGTCGGTGGATGAA  339 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  181  ATCCTCAGCAGTCAACCGGGTACGGACGATCGCGTAACGTGGGTGAAGTCGGTGGATGAA  240 

 

Query  340  GCCATCGCGGCGTGTGGTGACGTACCAGAAATCATGGTGATTGGCGGCGGTCGCGTTTAT  399 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  241  GCCATCGCGGCGTGTGGTGACGTACCAGAAATCATGGTGATTGGCGGCGGTCGCGTTTAT  300 

 

Query  400  GAACAGTTCTTGCCAAAAGCGCAAAAACTGTATCTGACGCATATCGACGCAGAAGTGGAA  459 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  301  GAACAGTTCTTGCCAAAAGCGCAAAAACTGTATCTGACGCATATCGACGCAGAAGTGGAA  360 

 

Query  460  GGCGACACCCATTTCCCGGATTACGAGCCGGATGACTGGGAATCGGTATTCAGCGAATTC  519 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  361  GGCGACACCCATTTCCCGGATTACGAGCCGGATGACTGGGAATCGGTATTCAGCGAATTC  420 

 

Query  520  CACGATGCTGATGCGCAGAACTCTCACAGCTATTGCTTTGAGATTCTGGAGCGGCGGTAA  579 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  421  CACGATGCTGATGCGCAGAACTCTCACAGCTATTGCTTTGAGATTCTGGAGCGGCGGTAA  480 

 

BLAST with EG10325 folA Dihydrofolate reductase (480bp)as the subject and pLIC-forward primer 

DNA Sequence from Core on Sample 1 as the query. 
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ecDHFR Ligand Libraries Screened 

Ligand Library Name 
Number 

of Ligands  

cb-306_3d.sdf 306 

CB-kin_UT.sdf 4000 

ChemBridge-diversity3D.sdf   49797 

conformersLOPAC_3d.sdf 1528 

Fragment-set_3D.sdf 3963 

HF9_180_Plates_1um3D_catnum.sdf 14400 

HF9PlatesPlates5_9.sdf 400 

ION_Channel3D.sdf 6581 

KINASet3d.sdf 12351 

LOPAC_3d.sdf 1280 

MayBridge50k.sdf 53038 

MicroFormats3D.sdf 183121 

MW-set_3D.sdf 30000 

NIH_ClinCol3Ded.sdf 446 

zincSigmaLibrary.sdf 1001 
Table 1: All ligand libraries screened and docked against ecDHFR enzyme using Genetics Optimization and Ligand 

Docking (GOLD) First run: kept top 10% of ligands per library. Second run: screened the output of the first run (top 

10%) and kept the top 20-30 ligands output. (For most libraries with under 2,000 ligands, no second run was done. 

The first run performed saved the top 20-30 ligands). Aggregate run: Combined second run results (and first run 

results for smaller libraries that only had one run) of each library into one file, and screened that, keeping the Final 

Top 10 ligands. 
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Original Order of the Top 10 Ligands as Output by the GOLD Virtual Screening Docking Program 
(Sorted by Fitness Score) 

   Ligand ID Fitness S(hb_ext) S(vdw_ext) S(hb_int)  S(int) File name Ligand name 

1 ZINC12405083 106 35.92 52.2 0.00 -1.66 

./gold_soln_ecDHFRAggr
egateAVN_m694_5.sdf'   

'ZINC12405083|zincSig
ma-1|sdf|1|dock5' 

2 ZINC03861746 105.6 36.25 52.04 0.00 -2.17 

./gold_soln_ecDHFRAggre
gateAVN_m695_7.sdf'   

'ZINC03861746|zincSig
ma-1|sdf|3|dock2' 

3 D-151 105.1 18.47 61.96 0.00 1.45 

./gold_soln_ecDHFRAggre
gateAVN_m148_4.sdf'   

'D-151|LOPAC3d-
1|sdf|4|dock4' 

4 C11H16Li2N5O12P3 99.15 30.42 51.2 0.00 -1.68 

./gold_soln_ecDHFRAggr
egateAVN_m147_8.sdf'   

'C11H16Li2N5O12P3|L
OPAC3d-
1|sdf|3|dock3' 

5 ZINC01529323 97.84 39.78 54.9 0.00 -17.4 

./gold_soln_ecDHFRAggr
egateAVN_m697_3.sdf'   

'ZINC01529323|zincSig
ma-1|sdf|8|dock4' 

6 C15H21Br2N5Na3O12P3 96.39 22.12 59.75 0.00 -7.89 

./gold_soln_ecDHFRAggr
egateAVN_m145_9.sdf'   

'C15H21Br2N5Na3O12P
3|LOPAC3d-
1|sdf|1|dock3' 

7 ZINC02036915 93.1 39.42 51.65 0.00 -17.3 

./gold_soln_ecDHFRAggre
gateAVN_m696_3.sdf'   

'ZINC02036915|zincSig
ma-1|sdf|2|dock3' 

8 C14H29N4NaO13P2 93.1 27.39 55.19 0.00 -10.2 

./gold_soln_ecDHFRAggre
gateAVN_m149_1.sdf'   

'C14H29N4NaO13P2|LO
PAC3d-1|sdf|2|dock2' 

9 ZINC12405084 92.4 29.01 46.58 0.00 -0.67 

./gold_soln_ecDHFRAggre
gateAVN_m698_9.sdf'   

'ZINC12405084|zincSig
ma-1|sdf|5|dock2' 

10 ZINC01529323 91.88 30.36 56.35 0.00 -16 

./gold_soln_ecDHFRAggr
egateAVN_m699_1.sdf'   

'ZINC01529323|zincSig
ma-1|sdf|6|dock2' 

Table 2: These were the top ten highest scoring ligand results from the aggregate screening of the libraries. They 

are ranked in order of their designated fitness score by the GOLD docking program. Other parameters GOLD used 

to assess the ligand’s binding affinity are also listed in the table: Hydrogen bond external, Van der Waals forces 

external, Hydrogen bond internal, internal strain. 
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Physico-Chemical Properties of Ligands from ZINC 

# ZINC code MWT xLogP N_h_donors n_h_acceptors psa charge rb 

1 ZINC00000011 303.37 1.44 4 7 99 0 5 

2 ZINC00000015 214.09 -0.3 1 3 45 0 6 

3 ZINC01529323 452.43 -2 5 13 216 -2 9 

6 ZINC12405083 479.12 -4.5 4 17 282 -4 8 

Table 3: This table shows the physico-chemical properties of the top 4 ligands (that follow Lipinski’s rules) from the 
table above and is color coordinated to each corresponding ligands. Ligands are shown if and only if they break 1 
or less of those rules, and also have differing identifiers, due to being pulled off the ZINC website 
(http://zinc.docking.org/choose.shtml).  
 
Lipinski’s Rule of Five 
Lipinski's rule says that, in general, an orally active drug has no more than one violation of the following criteria: 

 Not more than 5 hydrogen bond donors (nitrogen or oxygen atoms with one or more hydrogen atoms) 

 Not more than 10 hydrogen bond acceptors (nitrogen or oxygen atoms) 

 A molecular weight under 500 daltons 

 An octanol-water partition coefficient log P of less than 5 

 
 
 

 

 
Figure 4: The pictures above show the 2D (obtained from ZINC website) and 3D structures (using PyMOL software)  
of each of the top 3 ligands as listed and ranked by their physico-chemical properties. The color of the ligands in 
the ecDHFR active site for the 3D images corresponds as well to which ligands from the list they are i.e: 
ZINC00000011—red (Panel A), ZINC00000015—orange (Panel B), and ZINC01529323 which is actually 
Methotrexate—yellow (Panel C). 
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Figure 5: The assay spectra and graph with corresponding table are both the results of the enzyme assay with no 
inhibitor. For Rxn A, the blank 1 contained 6µl Sigma enzyme (hsHDFR-control) (0.10μM) and 3µl of 10mM NADPH. 
Rxn B, the blank 2 contained 6µl Sigma enzyme (hsHDFR-control) (0.10μM) and 2.5µl 10mM DHF. Rxns C through J 
contain the same amount of NADPH and DHF, that is 3µl and 2.5µl respectively. Rxns C and D contained 6µl of the 
Sigma hsDHFR enzyme (0.10μM). Rxns E and F contained 5µl of ecDHFR (0.25μM), G and H contained 10µl 
(0.50μM), while I and J contained 20µl (1.00μM). For each reaction, absorbance at 340nm was measured every 15 
seconds for 2.5 minutes. For the graph of change in OD/min, it should be noted the absolute value was actually 
graphed per reaction. 
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Figure 6: The assay spectra and graph with corresponding table are both the results of the enzyme assay with 
inhibitor (NRB00358 from Maybridge/Ryan Scientific). All rxns this time around were performed using 2.5µl of the 
diluted ecDHFR enzyme. For blank 1, 3µl of 10mM NADPH was also used while for blank 2, 2.5µl of 10mM DHF was 
also used.  The positive control reaction contained both 3µl of 10mM NADPH and 2.5µl of 10mM DHF. The rest of 
the reactions contained increasing amounts of either Trimethoprim (10 fold increase), or of compound 1- 
NRB00358 (10 fold increase). For each reaction, absorbance at 340nm was measured every 15 seconds for 2.5 
minutes. It is important to note though, that for the |ΔOD/min calculation|, the first 15 seconds/first data point 
was not taken into account because it was usually off. Therefore, for this calculation, the final absorbance at 2.5 
minutes minus the absorbance at 15 seconds, all divided by 2.25 minutes gave the readjusted results. 
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cb-306_3d Library Top 10 Compounds 

Identification 
Number 

Gold 
Fitness 
Score 

Molecular 
Weight 

LogP  
Rotatable 

Bonds 

Donor    
H-

bonds 

Acceptor 
H-bonds 

'5282931' 74.43 313 4.14 6 2 4 

'7722615' 73.57 397 3.12 4 1 4 

'6407567' 71.05 320 0.58 5 2 4 

'7746693' 70.56 342 2.7 5 2 7 

'5192853' 69.27           

'6629394' 69.23 312 1.07 5 1 6 

'7759524' 68.39 428 2.97 5 2 4 

'7558664' 67.69 391 1.72 7 1 5 

'7575772' 67.59 368 2.21 5 2 6 

'7676009' 67.44 344 3.34 3 3 6 

Table 4: These were the top ten highest scoring ligand results from the primary screening of the cb-306_3d library. 

They are ranked in order of their designated fitness score by the GOLD docking program. Also included are their 

physic chemical properties that were looked up. The top 3 ligands 5282931, 7722615, and 6407567 are 

highlighted. It should be noted because of the small library size (306 ligands), the cb-306_3d library was only put 

through one primary virtual screening run, saving the top 20-30 ligands from that screen. 
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Figure 7: The graph of percent activity of ecDHFR calculated per each potential ligand at a 10nM concentration. An 

inhibition assay was run for each ligand represented, with NADPH, DHF, and the ligand at varying concentrations 

from 0.1nM to 1000nM (see Figure 6 for description of inhibition assay reactant concentrations). A positive control 

was also run in the assay with only natural substrates NADPH and DHF. MTX (Methotrexate) is a known inhibitor of 

DHFR and was run as a baseline test against which the assays of the potential ligands could be compared. 
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Figure 8: The graph of percent activity of ecDHFR calculated per each potential ligand at a 100nM concentration. 

An inhibition assay was run for each ligand represented, with NADPH, DHF, and the ligand at varying 

concentrations from 0.1nM to 1000nM (see Figure 6 for description of inhibition assay reactant concentrations). A 

positive control was also run in the assay with only natural substrates NADPH and DHF. MTX (Methotrexate) is a 

known inhibitor of DHFR and was run as a baseline test against which the assays of the potential ligands could be 

compared. 
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DISCUSSION: 

Analysis of Data and Results 

 In BLASTing the pLIC-forward and reverse sequences of the Mini Prep ecDHFR sample 1 

against the original folA DHFR gene, it was shown that the gene was in fact contained in the 

plasmid as evidenced by the max identification of 100% (Figure 3). Also, both the forward and 

reverse primer sequences had matched against the gene as further proof that it was really 

present. From these results, there was enough certainty of the gene being present in the 

plasmid (at least for this sample) in order to proceed on to expression and purification, etc. For 

protein purification, the final volume after spinning down to concentrate it was ~1.5mL. With 

ecDHFR’s molar extinction coefficient of 33585 M-1cm-1 and the nanodrop of 4.352 abs at 280λ, 

the final concentration of protein was 129.52µM, which was quite high and therefore good. 

This enzyme also showed good activity during the enzyme assays, which will be discussed in 

depth later. 

 The virtual screening itself did not yield any positive results, as most of the ligands (in 

the top 10, Table 2) ended up not adhering to Lipinski’s Rule of 5 (usually due to a negative 

xLogP value). While this may be the case, it is still interesting to note that the Top 10 Ligands 

from the aggregate screening came from either the zincSigma or LOPAC3d libraries. This may be 

due to the fact that ecDHFR is in the oxido-reductase class of enzymes and these libraries 

specialize in ligands that bind them. Some libraries may be more suited towards ligands that 

bind to kinases, or cofactors, etc. Also, it can be seen that ligand ZINC01529323 (the known 

inhibitor Methotrexate) was found twice (Table 2) so it may be just different conformations of 
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the same ligand that had good fitness scores. 8 of the 10 Ligands from the GOLD virtual 

screening Top 10 list had their physico-chemical properties available (ZINC0159323 was present 

twice). From the list (Table 3—not all ligands shown), all the xlogP values of the ligand were < 5, 

but all were negative except for ZINC00000011 (C11H16Li2N5O12P3), xLogP of 1.44. As such, it 

seemed to definitely be the top choice ligand that may be worth purchasing and testing. In the 

end, the ecDHFR target ligand picked was NRB00358 from Maybridge/RyanScientific based on 

ease and availability for purchase. This ligand was actually ranked #18th in the aggregate screen 

based on GOLD fitness score (not shown in Table 3). Its physico-chemical properties include: 

molecular weight of 504.6 g/mol, cLogP of 2.92, 8 rotatable bonds, 2 Hydrogen bond donors, 

and 9 Hydrogen bond acceptors. Also, the screening of cb-306_3d library was performed 

because these compounds were conveniently and immediately available for testing in the wet 

lab. The physico-chemical of the top 3 ligands from cb-306_3d: 5282931, 7722615, and 

6407567 (based on GOLD fitness score) are shown in Table 4. 

 The enzyme assays measure absorbance at 340nm, which seems to be around the 

absorbance range of NADPH. In these assays, NADPH is the electron donor that acts to help 

DHFR catalyze the reduction of its main substrate DHF into THF was the main substrate for 

ecDHFR. Thus as NADPH is used up by the enzyme and converted into its oxidized state NADP+, 

the absorbance would drop due to the decreased concentration of NADPH. For the assay with 

no inhibitors (Figure 5), the graph looks correct. That is, as the concentration of enzyme 

increase, the absorbance with respect to time decreases also, at a faster rate. The tabular 

values somewhat follow this trend but there are some slight discrepancies. Reactions G 

(0.50μM of enzyme) and I (1.00μM) show the same rate of NADPH conversion even though it 
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would be expected for reaction I to have a higher rate. This can be attributed to human error 

inherent error during the measurement process, as any changes in when the assay reading was 

started could result in a loss of enzymatic activity. This could also explain the different values 

between Reactions G and H as well as I and J.  This particular assay did at least show that the 

ecDHFR which had been grown up was working properly and displayed proper activity. 

 In the enzyme assay with the inhibitor (Figure 6), it was shown that NRB00358 was in 

fact not a good inhibitor of ecDHFR. In this assay, first, Trimethoprim (TMP) was increased by a 

factor of 10 fold for each rxn’s concentration of the ligand. As it is a known inhibitor of ecDHFR, 

the absorbance readings stopped dropping once the final concentration of TMP was ~50 nM 

(meaning ecDHFR was no longer using up NADPH to convert DHF to THF and so absorbance 

would stay the same). The assay was repeated for reactions using NRB00358 in concentrations 

of 0.1 nM up to 1000 nM of the ligand. For each subsequent reaction the concentration was 

raised 10 fold starting from 0.1 nM, but even at 1000 nM/ 1µM, the ligand showed no inhibition 

qualities as absorbance still dropped much too quickly. This is also evidenced by the |ΔOD/min| 

because as concentration of ligand increases, the activity stays mostly the same (0.1771157 to 

0.1283624).  

 The same inhibition enzyme assay was performed using the 5282931, 7722615, and 

6407567 ligands from cb-306_3D library. Results showed that none of these ligands were able 

to inhibit ecDHFR enzymatic activity, at least at or below the concentration level of 

Methotrexate required to inhibit ecDHFR (Figures 7 and 8). In these assays, Methotrexate 

(MTX) was used as the positive control and known inhibitor against which the ligands were 

tested. These assays followed the same setup as previously described in Figure 6 with the 
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exception of MTX replacing TMP. In the assay, it was seen that at a ligand concentration of 

10nM, MTX could not fully inhibit ecDHFR activity (83.78%). The other ligands (NRB00358 data 

was included, 5282931, 7722615, 6407567) tested at this concentration also showed higher 

ecDHFR enzyme activity than Methotrexate as well. At a ligand concentration of 100nM, MTW 

was show to fully inhibit the activity of ecDHFR (0.20%). At this same concentration, the other 

ligands previously mentioned had no significant inhibitory effects on ecDHFR activity, which 

remained >81%. 

 

Future Directions 

 Although these particular ligands failed in the enzyme assays to prove they could 

potentially be inhibitors of ecDHFR, much valuable insight was still gained. For future directions, 

it would be wise to perform a positive control virtual screen against the known inhibitors of 

ecDHFR including Methotrexate and Trimethoprim. Based on the fitness score comparisons to 

the known inhibitors, this could let us know whether GOLD is truly an accurate predictor of 

binding affinity and possibly inhibition. It could also set a baseline/threshold for fitness scores 

that potential ligands must have in order to be tested in the wet lab. Also, more kinetic enzyme 

assays without inhibitors should be done to determine ecDHFR’s Vmax and Km values. Testing 

NRB00358, 5282931, 7722615, and 6407567 at higher concentrations (within reason) in more 

inhibition assays of ecDHFR would help to alleviate any doubts that the concentration of these 

ligands was just not high enough for them to inhibit the amount of ecDHFR present.  
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In the end, the main goal of this research would still be to find an inhibitor suitable to 

that of Trimethoprim or Methotrexate, which are effective at low nM concentrations. Other 

steps to be taken would be to test other ligands that ranked high from the virtual screening (the 

top ranking ligand of the aggregate screen ZINC00000011 (C11H16Li2N5O12P3) was still not tested 

due to availability and convenience reasons, as well as all the other ligands from the top ten list 

of the aggregate screen). Also, screening the ligand libraries using different docking programs 

besides GOLD (ICM-Dock, AutoDock Vina) could strengthen the validity of the ligand results (as 

different docking programs have different docking algorithms and tend to place emphasis on or 

take into account different factors affecting ligand-protein binding affinity).10 DSF (Differential 

Scanning Fluorimetry) could also be employed as an alternative method for screening ligands 

that could stabilize or bind the ecDHFR complex. Upon completion of finding an inhibitory 

ligand, inhibition assays would be performed to determine the IC50 value.  Apart from that, 

future steps out of the scope of this research would include structural modification of the 

ligand to make its inhibition activity as efficient as possible.  
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