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Abstract 

Plasmodium is the causal agent of malaria, which is a parasitic disease that affects 

more than 215 million people annually and is endemic in 91 countries worldwide. 

Unfortunately, the parasites have developed resistance to all current pharmaceuticals 

used to treat malaria, including the front-line treatments artemisinin and artemisinin 

combination therapies. Due to the rapidly increasing drug resistance problem, new 

multi-stage inhibitors of Plasmodium are desirable. Of particular interest as multi-stage 

drug targets are parasite kinases since they are essential regulators in signaling, cell 

cycle control, and metabolism. Additionally, kinases play important roles in disease 

states, including cancer, heart disease, and neurodegenerative disorders. This has 

encouraged the work described here, which focuses on characterizing the atypical 

protein kinase 9 (PK9), protein kinase 5 (PK5), and shikimate kinase (SK) in Plasmodium 

with biochemical and chemical methods.  

Specifically, target-based screening with the atypical P. falciparum PK9 revealed 

that benzimidazole and aminoquinoline compounds are able to bind the parasite kinase 

with low µM Kd(app) values. Furthermore, the top screening hit, takinib, was able to 

reduce parasite load in a dose-dependent manner. Takinib is the first reported binder of 

PfPK9 and was found to increase liver stage parasite size during later stages of infection. 

This unique phenotype may be the result of takinib influencing nutrient acquisition by 
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the parasite or by modulating a cell-cycle control pathway. Takinib was also found to 

inhibit the human TAK1 (HsTAK1) kinase, which phosphorylates UBC13 and is 

involved in K63-linked ubiquitination pathways in the host. PfPK9 phosphorylates a 

parasite UBC13 and this work supports modulation of K63-linked ubiquitination in live 

parasites by takinib, suggesting similar functionalities between PfPK9 and HsTAK1.  

To identify a more parasite-selective probe, 15 takinib analogs were evaluated for 

binding to PfPK9. HS220 was identified as an analog with the ability to bind to PfPK9, 

but without activity against HsTAK1. HS220 was confirmed to increase liver stage 

parasite size and decrease K63-linked ubiquitin on several parasite proteins, suggesting 

both takinib and HS220 have the same cellular target. The identification of the K63-

linked ubiquitin targets will be essential to elucidating the downstream members of the 

PfPK9 signaling cascade. Future studies to further optimize a cellular thermal shift assay 

coupled with mass spectrometry may confirm on-target binding of takinib and HS220 in 

Plasmodium parasites. Finally, a model of PfPK9 was generated to guide hypotheses 

about takinib-binding and enable structural comparison with HsTAK1. 

 

 



 

 

vi 

Contents 

Abstract ......................................................................................................................................... iv 

List of Tables ................................................................................................................................ xii 

List of Figures ............................................................................................................................ xiii 

Acknowledgements ................................................................................................................. xvii 

1. Introduction ............................................................................................................................... 1 

1.1 Global Burden of Malaria ................................................................................................ 1 

1.2 Plasmodium, the Causal Agent of Malaria ................................................................... 2 

1.3 Antimalarials and Parasite Resistance ........................................................................... 4 

1.3.1 History of Prominent Antimalarials ......................................................................... 4 

1.3.2 Current Frontline Antimalarials ................................................................................ 7 

1.4 Plasmodium Proteome .................................................................................................... 9 

1.5 The Promise of the Plasmodium Kinome ................................................................... 11 

2. Probing the Role of Protein Kinase 9 in Plasmodium Signaling Cascades ....................... 13 

2.1 Background ..................................................................................................................... 13 

2.2 Discovery of PfPK9-Binding Compounds that Inhibit Plasmodium ...................... 15 

2.2.1 Optimization of ATP-Competitive Binding Assay ............................................... 15 

2.2.2 Primary Binding Screen ............................................................................................ 16 

2.2.3 Liver Stage Plasmodium Inhibition by Screening Actives..................................... 20 

2.2.4 Kd Determination for Top Hits ................................................................................ 22 

2.3 PfUBC13 and HsUBC13 are Substrates of PfPK9 ....................................................... 23 



 

 

vii 

2.4 Effects of Takinib on Plasmodium Parasites in Cells ................................................ 26 

2.4.1 Takinib Modulates K63-linked Ubiquitination in Blood Stage Parasites .......... 26 

2.4.2 Takinib Inhibits Plasmodium Liver Stage Development ....................................... 29 

2.4.3 Takinib Induces Plasmodium Parasite Growth in the Liver ................................. 31 

2.4.4 Effects of Takinib on Plasmodium Blood Stage Parasite Size ............................... 33 

2.5 PfPK9 May Have a Similar Functional Role to HsTAK1 .......................................... 34 

2.6 Discovery of HS220, a PfPK9 Selective Compound .................................................. 36 

2.6.1 PfPK9 Binding by Takinib Analogs ........................................................................ 36 

2.6.2 HS220 Binds to PfPK9 but Does Not Inhibit HsTAK1 .......................................... 38 

2.6.3 Takinib and HS220 are Not Promiscuous Kinase Inhibitors ............................... 41 

2.6.4 HS220 Increases Plasmodium Parasite Size in the Liver ........................................ 42 

2.6.5 HS220 Decreases K63-linked Ubiquitin in Blood Stage Parasites ...................... 44 

2.7 Conclusions and Future Work ...................................................................................... 45 

2.8 Materials and Methods .................................................................................................. 47 

2.8.1 Materials ..................................................................................................................... 47 

2.8.2 Generation of a Stable Cell Line .............................................................................. 47 

2.8.3. P. falciparum 3D7 Blood Stage ................................................................................. 48 

2.8.4 P. berghei Liver Stage Assays .................................................................................... 48 

2.8.5 ATP-Competitive Binding Assay in Mammalian Cells ....................................... 49 

2.8.6 Kinase Activity Assays ............................................................................................. 51 

2.8.7 K63-linked Ubiquitin Assays ................................................................................... 51 

2.8.8 Expression and Purification of Proteins ................................................................. 52 



 

 

viii 

3. Structural Exploration of PfPK9 ............................................................................................ 55 

3.1 Optimization of PfPK9 Expression .............................................................................. 55 

3.2 Optimization of PfPK9 Purification ............................................................................. 57 

3.3 PfPK9 Mutagenesis Reveals Important Residues for Binding ................................. 59 

3.3.1 Attempts to Obtain PfPK9 Structure by X-ray Crystallography ......................... 59 

3.3.2 Generation of a PfPK9 Homology Model .............................................................. 59 

3.4 Mutagenesis of PfPK9 ATP-Binding Pocket Residues .............................................. 61 

3.4.1 Choosing Residues for Mutation ............................................................................. 61 

3.4.2 Optimization of ATP-Binding Assay using PfPK9 in E. coli Cells ...................... 62 

3.4.3 ATP-Binding Assay with PfPK9 Active-Site Mutants .......................................... 64 

3.5 Materials and Methods .................................................................................................. 66 

3.5.1 X-ray Crystallography .............................................................................................. 66 

3.5.2 Generation of PfPK9 Homology Model ................................................................. 67 

3.5.3 ATP-Competitive Binding Assay in Bacterial Cells ............................................. 67 

3.5.4 Active Site Mutagenesis ........................................................................................... 68 

4. Mass Spectrometry Approaches to Uncover PfPK9 Biology ............................................ 70 

4.1 Background ..................................................................................................................... 70 

4.2 Identification of PfPK9 Binding Partners .................................................................... 71 

4.2.1 Pull Downs Using P. berghei Liver Stage Parasites ............................................... 71 

4.2.2 Pull Downs Using P. falciparum Blood Stage Parasites ........................................ 73 

4.2.3 Expression and Purification of Pfeno ..................................................................... 75 

4.2.4 Proposed Methods for Validation of Pfeno as PfPK9 Substrate ......................... 76 



 

 

ix 

4.3 Identification of K63-linked Ubiquitin Targets Affected by Takinib ...................... 77 

4.4 Evaluation of On-Target Binding by Takinib ............................................................. 79 

4.4.1 Takinib-Sepharose Resin Pull Down ...................................................................... 79 

4.4.2 Cellular Thermal Shift Assay (CETSA) with Takinib ........................................... 81 

4.5 Materials and Methods .................................................................................................. 87 

4.5.1 Materials ..................................................................................................................... 87 

4.5.2 P. berghei Liver Stage Pull Downs with PfPK9 ...................................................... 87 

4.5.3 P. falciparum Blood Stage Pull Downs with PfPK9................................................ 88 

4.5.4 MALDI-TOF/TOF on PfPK9 Pull Down Samples ................................................. 89 

4.5.5 Expression and Purification of P. falciparum Enolase ........................................... 90 

4.5.6 K63-linked Anti-Ubiquitin Pull Down in Blood Stage Plasmodium .................... 91 

4.5.7 Takinib-Sepharose Pull Downs ............................................................................... 92 

4.5.8 Cellular Thermal Shift Assay (CETSA) with PfPK9 ............................................. 92 

5. Discovery of P. falciparum Protein Kinase 5 Inhibitors ...................................................... 95 

5.1 Background ..................................................................................................................... 95 

5.2 Attempts to Improve PfPK5 Binding Using an Existing Scaffold ........................... 96 

5.3 Determination of Triazolo-diamine Potency Against PfPK5 ................................. 100 

5.4 In silico Screen Identifies Inhibitor Selective for PfPK5 Relative to HsCDK2 ..... 103 

5.5 Host Cell and Plasmodium Inhibition with PfPK5 Inhibitors ............................... 114 

5.6 Conclusion and Future Work ..................................................................................... 118 

5.7 Materials and Methods ................................................................................................ 119 

5.7.1 Compound Synthesis .............................................................................................. 119 



 

 

x 

5.7.2 In silico Screen .......................................................................................................... 119 

5.7.3 Binding Assay .......................................................................................................... 120 

5.7.4 Expression and Purification of Proteins ............................................................... 120 

5.7.5 Kinase Activity Assay ............................................................................................. 122 

5.7.6 Host Cell Inhibition Assay ..................................................................................... 122 

5.7.7 Blood Stage Plasmodium Assay .............................................................................. 123 

6. Biochemical Characterization of the Plasmodium Shikimate Kinase .............................. 124 

6.1 Background ................................................................................................................... 124 

6.1.1 The Shikimate Pathway .......................................................................................... 124 

6.1.2 Evidence for the Shikimate Pathway in Apicomplexans ................................... 126 

6.1.3 Prior Experimental Progress in Plasmodium ........................................................ 127 

6.2 Expression and Purification of Plasmodium SK ...................................................... 129 

6.2.1 Design of Plasmids .................................................................................................. 129 

6.2.2 Expression of Plasmodium SK ................................................................................. 131 

6.2.3 Purification of Plasmodium SK ............................................................................... 134 

6.3 Evaluation of P. knowlesi Shikimate Kinase Activity in Lysates .......................... 137 

6.3.1 Assay Optimization using E. coli Shikimate Kinase ........................................... 137 

6.3.2 Measuring P. knowlesi Shikimate Kinase Activity............................................... 139 

6.4 Probing Plasmodium Shikimate Kinase with Small Molecules ............................. 142 

6.4.1 Identification of Potential Chemical Probes ........................................................ 142 

6.4.2 Liver Stage Plasmodium Assays ............................................................................. 143 

6.4.3 Blood Stage Plasmodium Assays ............................................................................ 144 



 

 

xi 

6.4.4 LC-MS Activity Assays with Plasmodium Inhibitors .......................................... 145 

6.5 Characterization of the P. knowlesi Shikimate Kinase-ATP Binding Interaction147 

6.5.1 Optimization of Binding Assay using E. coli Shikimate Kinase........................ 147 

6.5.2 Measuring P. knowlesi Shikimate Kinase Binding to ATP ................................. 148 

6.6 Exploring the Role of Active Site Residues in Binding ........................................... 150 

6.7 Future Work .................................................................................................................. 153 

6.8 Materials and Methods ................................................................................................ 154 

6.8.1 Materials ................................................................................................................... 154 

6.8.2 P. berghei Liver Stage ............................................................................................... 155 

6.8.3 P. falciparum 3D7 Blood Stage ................................................................................ 155 

6.8.4 Expression and Purification of E. coli and Plasmodium Shikimate Kinases ..... 156 

6.8.5 Activity by LC-MS ................................................................................................... 158 

6.8.6 ATP-Competitive Binding Assay .......................................................................... 158 

6.8.7 Generation of a P. knowlesi Shikimate Kinase Homology Model ..................... 160 

6.8.8 Site-Directed Mutagenesis of P. knowlesi Shikimate Kinase .............................. 160 

7. Conclusions ............................................................................................................................ 162 

Appendix A................................................................................................................................ 164 

Appendix B ................................................................................................................................ 166 

References .................................................................................................................................. 173 

Biography ................................................................................................................................... 189 

 



 

 

xii 

List of Tables 

Table 1. Chemical structures for top 14 screening compounds and Kd(app) values for 
PfPK9-binding of each compound. ........................................................................................... 18 

Table 2: Primers used for cloning PfPK9 and PfUBC13. ........................................................ 52 

Table 3: PfPK9 Expression Attempts ........................................................................................ 56 

Table 4: PfPK9 Purification Attempts ....................................................................................... 58 

Table 5: PfPK9 active site mutagenesis primers for QuikChange ........................................ 69 

Table 6: Peptides identified in P. falciparum 3D7-infected red blood cell lysate containing 
PfPK9 ............................................................................................................................................. 84 

Table 7: Primers for Pfeno Amplification ................................................................................ 90 

Table 8. Triazolo-diamine analogs and their binding to PfPK5 and HsCDK2.[a] Adapted 
from (84). ...................................................................................................................................... 97 

Table 9: 4-methylumbelliferone analogs and their binding to PfPK5 and HsCDK2.[a] 

Adapted from (84). .................................................................................................................... 110 

Table 10: Cytotoxicity of triazolo-diamine and 4-methylumbelliferone analogues in 
HepG2 and HuH7 liver cells, and P. falciparum Dd2 blood stage parasite inhibition. 
Reproduced from (84). ............................................................................................................. 117 

Table 11: PkSK Expression Attempts ...................................................................................... 133 

Table 12: PkSK Purification Attempts .................................................................................... 135 

Table 13. PkSK Amplification Primers ................................................................................... 156 

Table 14:  PkSK mutagenesis primers for QuikChange ....................................................... 161 

Table 15: Structural analogs of takinib evaluated for binding to PfPK9. .......................... 164 

Table 16: Binding of top 182 compounds to PfPK5 and HsCDK2 at 12 µM, assessed by 
KINOMEScan competitive binding assay. Compounds were selected by docking studies 
and Glide XP scores are shown. .............................................................................................. 166 



 

 

xiii 

List of Figures 

Figure 1: Global incidence map for malaria. ............................................................................. 1 

Figure 2: The complex life cycle of Plasmodium parasites ........................................................ 3 

Figure 3: Antimalarials throughout history and their emerging resistance. ........................ 5 

Figure 4: Chemical structure of artemisinin. ............................................................................. 8 

Figure 5: Phylogenetic tree of Plasmodium kinases. ................................................................ 14 

Figure 6: PfPK9 Kd(app) for ATP ................................................................................................... 16 

Figure 7: Summary of PfPK9 screening results. ...................................................................... 17 

Figure 8: Sequence alignment of PfPK9 and PbPK9. .............................................................. 21 

Figure 9: Liver stage Plasmodium inhibition identifies hits ................................................... 22 

Figure 10: Binding curves of takinib and compounds 2–5. ................................................... 23 

Figure 11: Purified UBC13 proteins. ......................................................................................... 24 

Figure 12: PfPK9 kinase activity assay.. ................................................................................... 25 

Figure 13: Takinib and compound 5 decrease K63-linked ubiquitin ................................... 27 

Figure 14: Effects of takinib on ubiquitination and inhibition in P. falciparum 3D7 blood 
stage parasites. ............................................................................................................................. 28 

Figure 15: Takinib effects on Plasmodium liver stage parasites. ............................................ 30 

Figure 16: Takinib causes increase in Plasmodium parasite size during liver-stage 
infection.. ...................................................................................................................................... 32 

Figure 17: Takinib treatment at 30 µM does not affect P. falciparum 3D7 size ................... 33 

Figure 18: Human kinome activity panel with takinib .......................................................... 35 

Figure 19: Takinib structural analogs bind PfPK9. ................................................................. 37 



 

 

xiv 

Figure 20: PfPK9 selective takinib analog HS220. .................................................................. 38 

Figure 21: Sequence alignment of HsTAK1 and PfPK9. ........................................................ 40 

Figure 22: Sequence alignment of key domains in HsTAK1, PfPK9, HsIRAK1, and 
HsIRAK4. ...................................................................................................................................... 41 

Figure 23: Binding study on unrelated Plasmodium protein kinases PfPK5 and PfCDPK1 
using KIMONEscan.. .................................................................................................................. 42 

Figure 24: Takinib analog HS220 inhibits Plasmodium liver stage parasites. ...................... 43 

Figure 25: K63-linked ubiquitin was visualized via Western blot in 30 µM compound-
treated and DMSO-treated P. falciparum 3D7-infected erythrocytes. .................................. 45 

Figure 26: Comparison of PfPK9 and HsTAK1. ...................................................................... 60 

Figure 27: Validation of ATP-competitive binding assay using bacterial cell lysates ....... 64 

Figure 28: PfPK9 I113A mutant ................................................................................................. 65 

Figure 29: Potential PfPK9 binding partners from P. berghei sporozoites. .......................... 72 

Figure 30: Potential PfPK9 binding partners from P. falciparum 3D7 parasites .................. 74 

Figure 31: Purified Pfeno (52 kDa). ........................................................................................... 75 

Figure 32: K63-linked ubiquitin targets in P. falciparum 3D7. ............................................... 78 

Figure 33: Takinib-sepharose resin with cleavable linker. .................................................... 79 

Figure 34: Proteins bound to takinib-linked sepharose using P. falciparum 3D7 blood 
stage parasite lysate and HEK293T lysate overexpressing GFP-PfPK9. ............................. 80 

Figure 35: Structural overlay of PfPK5 (PDBID: 1V0O) and HsCDK2 (PDBID: 1E9H). .... 96 

Figure 36: Binding of the two most potent triazolo-diamines to PfPK5 (red) and HsCDK2 
(black). .......................................................................................................................................... 98 

Figure 37: Potency heatmap of triazolo-diamine derivatives (1a–1e). ................................ 99 

Figure 38: Optimization of radiolabeled ATP kinase assay with HsCDK2.. .................... 101 



 

 

xv 

Figure 39: Kinase activity assay with PfPK5.. ....................................................................... 102 

Figure 40: Chemical diversity of 182 compound library shown by cluster analysis. ...... 104 

Figure 41: Competition-based biochemical assay for PfPK5 binding. ............................... 105 

Figure 42: Relative binding to PfPK5 and HsCDK2 for top 182 scoring compounds 
(circles) from the in silico screen. ............................................................................................. 106 

Figure 43: Binding of 4-methylumbelliferone compound 2a to PfPK5 (red triangles) and 
HsCDK2 (black circles). ............................................................................................................ 108 

Figure 44: Molecular docking of compound 2a into A) PfPK5 (PDBID: 1V0O) and B) 
HsCDK2 (PDBID: 1E9H) .......................................................................................................... 109 

Figure 45: Binding of 2b (to PfPK5 (red triangles) and HsCDK2 (black circles). ............. 111 

Figure 46: Fold selectivity of compounds for PfPK5 and HsCDK2 binding. .................... 112 

Figure 47: Molecular docking of compound 2b, the aldehyde of 2a, into both A) PfPK5 
(PDBID: 1V0O) and B) HsCDK2 (PDBID: 1E9H). ................................................................. 113 

Figure 48: Molecular docking of the triazolo-diamine 1a into A) PfPK5 (PDBID: 1V0O) 
and B) HsCDK2 (PDBID: 1E9H) .............................................................................................. 114 

Figure 49: Liver cell cytotoxicity of triazolo-diamine (grey bars, 1a–1e) and 4-
methylumbelliferone (white bars, 2a–2f). .............................................................................. 115 

Figure 50: Anti-Plasmodium activity of triazolo-diamine (grey bars, 1a–1e) and 4-
methylumbelliferone (white bars, 2a–2f). .............................................................................. 116 

Figure 51: The well-characterized shikimate pathway in bacteria..................................... 125 

Figure 52: Gene architecture and protein sequence alignment of predicted Plasmodium 

shikimate kinase. ....................................................................................................................... 130 

Figure 53: Anti-His Western blot of PkSK expressions in E. coli BL21(DE3) cells. ........... 134 

Figure 54. Purification of PkSK................................................................................................ 136 

Figure 55: Purified EcSK........................................................................................................... 137 



 

 

xvi 

Figure 56: Extracted mass spectra from LC-MS analysis of EcSK activity assay samples.
 ..................................................................................................................................................... 138 

Figure 57: LC-MS enzyme activity assay using E. coli BL21(DE3) and BL21-
CodonPlus(DE3) lysates overexpressing PkSK. .................................................................... 140 

Figure 58: LC-MS enzyme activity assay using lysates containing PkSK. ........................ 141 

Figure 59: Chemical structures of potential Plasmodium shikimate kinase probes.. ........ 142 

Figure 60: P. berghei liver stage dose-response curves with chemical probes. ................. 143 

Figure 61: P. falciparum 3D7 blood stage dose-response curves with chemical probes.. 145 

Figure 62: LC-MS enzyme activity assay of PkSK in lysate with potential probes. ......... 146 

Figure 63: ATP-competitive binding assay of EcSK. ............................................................ 147 

Figure 64: ATP-competitive binding assay of PkSK in BL21(DE3) lysate ......................... 149 

Figure 65. Homology model of PkSK, generated from the sequence for the predicted 
active domain using unbiased threading algorithms (iTASSER). ...................................... 151 

Figure 66. Site-directed mutagenesis of residues in the PkSK binding pocket. ............... 152 

 

 



 

 

xvii 

Acknowledgements 

I would like to express my sincerest gratitude to my advisor, Professor Emily 

Derbyshire. The experience of starting a lab together has been unique and exciting, 

shaping me and my life both inside and outside the lab. I will forever be grateful for 

your support, guidance, and wisdom throughout these last few years—I would not be 

the scientist I am today without you. Emily, thank you for sharing your passion for 

science with me and allowing me to be a part of such an incredible journey.  I would also 

like to thank my committee members, past and present: Professors Timothy Haystead, 

Dewey McCafferty, Bruce Donald, and Michael Fitzgerald, for their support and advice 

for this work.  I must also express my deepest appreciation for my first scientific advisor: 

Prof. Jennifer Cecile at Appalachian State University. Without your fervor for research I 

would never have dreamed of reaching for these stars.    

I would also like to thank my lab members through the years for their advice, 

collaboration, and invaluable comradery at Duke. Dr. Rene Raphemot, your mentorship 

and friendship meant more to me than you will ever know, and working with you on 

such exciting and difficult research problems was a blessing. Dr. Dora Posfai and Marie 

Perkins, starting this lab alongside you and having your friendship from the beginning 

has been so special. To Kayla Sylvester, Kuan-Yi Lu, John Ganley, Maria Toro, Hannah 

D’Ambrosio, Grace Thiele, and Allison Keim: I am grateful for all of you. Your hard 



 

 

xviii 

work, teamwork, and ability to make lab a fun place to be on a regular basis is cherished. 

You have all become a family to me and I wish you all the very best.  To Juliane Totzke 

of the Haystead lab: thank you for making your lab just as welcoming as my own, and 

for your collaborations on many experiments. To each and every undergraduate student 

who has worked on projects with me: thank you for your dedication to research, fresh 

perspectives, and hard work. Many people from outside the lab have also been critical to 

this research. Thank you to Dr. George Dubay in the chemistry department and David 

Loiselle of the Haystead lab for their expertise in mass spectrometry, Philip Hughes of 

the Haystead lab for providing compounds, Dr. Will Thompson of the Duke Proteomics 

Facility, and Dr. Nathan Nicely in the Duke X-ray Crystallography Facility for your help 

and instrumentation. 

 Lastly, to my husband, family, and friends: thank you from the bottom of my 

heart for supporting me and loving me endlessly. These last few years have not come 

easily and I hope you all know the depth of my gratitude and love for you all. To my 

husband Chris Eubanks, thank you for listening, understanding, talking through 

research problems, and being patient—all while pursuing a doctoral degree of your 

own. To my parents, Teresa and Doug Shaw and William and Jennifer Harold, thank 

you for your support and most importantly, for raising me with a dedicated work ethic 

and teaching me to be strong and independent—these are gifts that keep giving 

throughout my life. I love you all.



 

1 

1. Introduction  

1.1 Global Burden of Malaria 

Malaria is a deadly disease that affects more than 216 million people worldwide 

each year and is endemic in 91 countries. The death toll due to malaria is still near half a 

million deaths annually. The disease is mostly concentrated near the equator in less 

developed tropical and sub-tropical regions such as Africa, South America, and 

Southeast Asia (Figure 1). Sadly, the highest risk groups are pregnant women, children 

under the age of five, and immuno-compromised individuals. Additionally, there is a 

large risk for other populations, such as travelers and deployed troops to contract this 

disease. 

 

Figure 1: Global incidence map for malaria. The 91 countries shown in blue are 

currently endemic (data from 2016). Countries shown in green were endemic in 2000, 

but incidence cases have since decreased enough that they are no longer considered 

endemic. Figure reproduced from open source 2017 World Malaria Report (1). 
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Globally, the incidence rate has decreased since 2010 (Figure 1), however the risk 

of infection and mortality are on the rise again. Importantly, this past year was the first 

time in the last decade that an annual decrease in reported cases was not observed. In 

fact, in 2015 there were 211 million cases reported, compared to 216 million in 2016. 

Furthermore, the reported incidences are expected to rise rapidly in the coming years 

due to development of drug resistant parasites to common antimalarials, now including 

even the first line of artemisinin combination treatments (1, 2). These resistant parasites 

are spreading throughout Southeast Asia at an alarming rate, and may soon reach 

African regions, which would be detrimental. The need for novel therapies and drug 

targets to combat malaria infection is as critical as ever (1). 

1.2 Plasmodium, the Causal Agent of Malaria 

Malaria is caused by a parasite from the genus Plasmodium and is transmitted by 

an infected female Anopheles mosquito. The complex life cycle (Figure 2) starts when an 

infected mosquito injects dozens of parasites, termed sporozoites, into the blood stream 

of a human host when taking a blood meal. These sporozoites travel directly to the liver 

where they invade and traverse many cells in the liver. Each parasite establishes 

infection in a single hepatocyte before undergoing a series of morphological changes 

and rapidly dividing into its new form, merozoites. This liver stage is asymptomatic and 

occurs only once during the life cycle, and is obligatory for successful malaria infection. 
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Figure 2: The complex life cycle of Plasmodium parasites in the human host, 

which is initiated by the bite of an infected female Anopheles mosquito. Figure 

reprinted by permission from Springer Nature, Nature (3). 

After completion of the liver stage, thousands of merozoites erupt from the 

hepatocytes and enter the bloodstream, invading red blood cells. Here, they replicate 

over a period of several days until they ultimately cause the erythrocytes to burst. This 

bursting causes a release of toxins and hemozoin into the bloodstream along with 

depleting oxygen levels, which leads to the well-characterized clinical symptoms such as 

a fever, chills, headaches, body aches, and anemia. The freshly released parasites can 

then infect new red blood cells, and thus continue a cyclical disease progression in the 

human host until treated effectively. Left untreated, the parasites increase rapidly in 

number in the bloodstream and can eventually cause uncomplicated malaria to become 

clinically complicated. Symptoms of complicated malaria include seizures, kidney 

failure, respiratory distress, coma, and ultimately death (4). 
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To continue this cyclical stage, a small percentage of merozoites develop into 

gametocytes, which travel to the peripheral veins to be taken up by an Anopheles 

mosquito during the next blood meal. These gametocytes complete sexual development 

in a period of 10-18 days, morphing back into sporozoites and traveling to the mosquito 

salivary glands, preparing for a new infection cycle to begin (3, 4).  

1.3 Antimalarials and Parasite Resistance 

1.3.1 History of Prominent Antimalarials 

Throughout history, there have been many antimalarials used to combat this 

deadly disease (5, 6) and the most influential ones are highlighted in Figure 3. The first 

drug used was quinine, which was isolated from the bark of the Cinchona tree in the 

early 1800s. However, it was even used prior to that by Peruvians in the 1600s, who 

would grind the bark and mix it with a sweet liquid such as wine to treat 

intermittent/cyclical chills and fever—which ultimately is believed to have been malaria 

prior to the age of proper diagnoses (7). Although effective, quinine is known to cause 

extreme headaches, nausea, vomiting, diarrhea, stomach pain, blurry vision, cold 

sweats, cardiovascular impairments, and more. The next successful antimalarial was 

pursued by German researchers at Bayer as a substitute for quinine due to its drastic 

side effects. These efforts led to the synthesis of chloroquine and its derivatives among 

the 4-amino quinolines in the early- to mid-1900s (6, 7). 
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Figure 3: Antimalarials throughout history and their emerging resistance. Bars 

indicate first reported public use to first reported resistance case. Since the use of 

quinine in the 1600s to the early 19th century, no antimalarial released for patient 

treatment has been used for more than 15 years without emergence of parasite 

resistance. Currently, all approved front-line treatments for malaria have resistance. 

Around the same time that chloroquine use was widespread, antimalarial 

research was becoming more prevalent due to World War II. This increase in research 

for inhibitors led to the synthesis of primaquine, proguanil, and pyrimethamine. 

Unfortunately, this was the first time that researchers noticed an incredibly fast 

development of resistant parasites. Proguanil resistance was documented less than a 

year after it was first distributed to patients, even when administered with 

sulfadoxine—a dihydropteroate synthase inhibitor of folate biosynthesis (7).  

Due to this growing resistance problem and the number of troops who 

succumbed to malaria during the Vietnam war, the urgency for development of new 

antimalarials continued to grow. This urged the U.S. Army to launch a screening 

campaign to evaluate over 250,000 potential antimalarials (8-10). During this screening 

process, they identified a few with marked success and ultimately collaborated with 
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Hoffmann-La Roche and the World Health Organization to produce mefloquine for 

patient use. This was the first example of a Public-Private Venture between the U.S. 

Department of Defense and a pharmaceutical company—highlighting the pressing need 

for better drugs to treat malaria (11). Mefloquine was first tested in two different prisons 

starting in 1975, and generally began to be available for patient use in 1977, but despite 

all hope otherwise, mefloquine resistance began to be documented as early as 1982—

outlasting some of the prior drugs, but still not substantial enough for disease 

eradication efforts (11).   

It wasn’t until the 1990s that another promising drug reached the market for 

patients. To combat resistance, targeting both the liver and blood stage is beneficial since 

it is more difficult for the parasite to develop mutations in multiple targets. Atovaquone, 

a naphthoquinone, was discovered to inhibit both stages of the parasite and was 

released for public use against malaria in 1996. Prior to treating malaria, it was used for 

several years to treat a specific type of bacterial pneumonia. Compared to many other 

antimalarials, the side effects were minimal (12). As is the common trend however, 

resistant parasites were already being documented less than a year after the first 

administration for malaria treatment (7, 13).  

After the emergence of atovaquone resistance, it was hypothesized that using 

multiple drugs in one treatment would be a better way to tackle the increasingly rapid 

resistance problem. Towards this end, scientists at GlaxoSmithKline examined 
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atovaquone in combination with many other known antimalarials. They found that the 

combination with proguanil, discovered many decades before, was more beneficial than 

when administering atovaquone on its own. This combination therapy was marketed as 

Malarone and was first used 2000. Resistance was not first observed until 2003, and did 

not become widespread until 2006 (14). While this timeframe for successful use is still 

not ideal, it was certainly a marked improvement over administering the drugs 

independently. Due to the fact that atovaquone also targets the liver stage of 

Plasmodium, this combination is particularly useful as a means for prophylaxis and it still 

administered to travelers going to endemic regions today. 

1.3.2 Current Frontline Antimalarials 

The current first-line treatment against malaria infections is artemisinin (Figure 

4), used in combination with other antimalarials—called Artemisinin Combination 

Therapies (ACTs). Interestingly, artemisinin is found in sweet wormwood (Qinghao) and 

Chinese herbalists used ground wormwood for many thousands of years to treat 

malaria, but the active compound wasn’t isolated until 1972 (7). It was as early as 2700 

BCE that Chinese medical writings included quite accurate descriptions of the disease 

that became known as malaria, and the medical treatise 52 Remedies from ~200 BCE 

contained information on the use of Qinghao to treat symptoms (6).  
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Figure 4: Chemical structure of artemisinin, the current front-line treatment for 

malaria infections globally. Artemisinin is used in combination with other drugs, 

known as Artemisinin Combination Therapies (ACTs), to stall occurrence of resistant 

parasites. 

Artemisinin and its derivatives are very potent and effective antimalarials, 

especially when given in combination with other drugs. Artemisinin was first released 

for patient use in 2000 and has been a large contributor to the decline of clinical malaria 

globally (1, 6). However, potential resistance to artemisinin and ACTs (artemisinin 

combination therapies) in Southeast Asia began to be documented in 2009, and has since 

been confirmed in many endemic regions (1, 2, 5, 7, 15-20).  

Due to the resistance seen to all current antimalarials, even the first-line 

combinations, we are experiencing a devastating stall in the decline of reported 

incidences of the disease. The most recent World Health Organization annual malaria 

report (1) showed that this is the first time since 2010 that the global malaria burden did 

not decrease, and the desired decline has already reversed in some endemic regions 

such as the Americas and Mediterranean. Without novel multi-drug treatments, these 

numbers are most certainly going to continue to rise in the future. There are many 
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studies being completed to better understand modes of action and the development of 

resistance to these drugs, which will further educate future choices in marketable 

treatments. There are also many new drug therapies emerging that hold promise for 

evading and overcoming multi-drug resistant parasites, and novel targets for new drug 

development are being pursued (21-28). The search for a novel drug target(s) present in 

multiple stages of the parasite life cycle is the key to successfully treating and 

eradicating malaria (29).  

1.4 Plasmodium Proteome 

The Plasmodium genome consists of about 5300 protein-encoding genes (30), 

providing many opportunities for novel drug targets. Of these, approximately 40% 

remains unannotated to date and many of those annotated are still considered putative 

assignments (31). The large percentage of unassigned protein functions is due primarily 

to the evolutionary distance between Plasmodium and other species (32) and the fact that 

many Plasmodium proteins are approximately 20% longer than orthologs, and up to 50% 

longer, than in other organisms (33, 34). The lack of chemical and genetic tools available 

and limited resources for parasitic diseases further complicates gene annotation (35).  

The Plasmodium genome is extremely AT-rich (80-90%) (30). Many other 

pathogens have high AT content relative to the typical 40-60%, but the level in 

Plasmodium is unparalleled. This genomic makeup makes traditional genetic methods 

intractable and it also alters the composition of proteins greatly—leading to a bias in 
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amino acids represented and therefore influencing protein characteristics (36). It has 

long been shown that AT-rich codons and GC-rich codons can have a large impact on 

the composition of amino acids in proteins, with AT-rich codons biasing towards F, Y, 

M, I, N, and K and GC-rich biasing towards G, A, R, and P (37, 38). However, it has 

more recently been shown that this bias in P. falciparum is so strong that only 6 amino 

acids (N, K, I, L, E, and D) make up 54% of the parasite protein content. There are also 

long stretches of numerous asparagine residues found in low complexity regions of 

these parasitic proteins, distinguishing Plasmodium from all other eukaryotes except 

Dictyostelium discoideum (36).  

These unique characteristics within the Plasmodium proteome make it a gold 

mine of potential drug targets that vary significantly from the protein counterparts in 

the human host. However, these same properties complicate genetic studies and 

functional probing because many existing methods have not been optimized or are not 

compatible with proteins having such distinctive features. Furthermore, there is a lack of 

small molecules that target Plasmodium proteins over their human host homologs. This 

impedes attempts to probe their functional roles in a cellular context, which is critical for 

studying essential proteins with lethal phenotypes in genetic knockouts. Additionally, 

the complexity of the proteome has hindered the ability to make Plasmodium-specific 

antibodies for imaging and target detection.   
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1.5 The Promise of the Plasmodium Kinome 

Among the Plasmodium proteome, some of the most elusive proteins are the 

kinases, yet they are appealing prospects for parasitic drug targets. Protein kinases are 

particularly exciting (39, 40) since they are known to be critical for regulating some of 

the most important pathways in other eukaryotic organisms, such as the cell cycle, 

metabolism, homeostasis, and apoptosis. Previous studies have implicated their 

importance in many human health complications, including inflammation, various 

cancers, cardiovascular disease, and neurodegenerative disorders (41-43). To date, there 

are 84–99 protein kinases known to be encoded by the Plasmodium genome and there 

may be more that have not yet been annotated with the currently available technologies 

(44-46). The vital role of these protein kinases during each stage of the parasite life cycle 

has been established previously (47-52).  

During an analysis of the Plasmodium kinome, several phylogenetically divergent 

protein kinases that are distinct from mammalian kinases were discovered. A family of 

unique protein kinases were found, of which the majority belong only to Plasmodium. A 

few of the members of this family, termed the FIKK protein kinases, were also found in 

other apicomplexans but not in any other organisms (44). The FIKK family contains 20 

members, making up more than 20% of the known protein kinases in the parasite, 

highlighting the unique nature of the Plasmodium kinome. In addition to these, protein 

kinase 4, protein kinase 7, protein kinase 9, and a few others were also found to be 
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specific to Plasmodium based on sequence analysis (40, 44). Because of their lack of 

homology to any known mammalian kinases, these are termed orphan or atypical 

protein kinases. Orphan kinases present a unique opportunity to capitalize on drastic 

differences from host kinases to achieve species selectivity with small molecules, which 

is otherwise hindered by the lack of methods for exploring Plasmodium proteins. Species 

selectivity is the ultimate goal for chemotherapeutics in the clinic in order to evade off-

target binding and the unpleasant side effects that are common with anti-parasitic 

agents.  

In addition to selectively targeting the parasite over host cells, a drug with multi-

stage inhibition of Plasmodium is desirable to reduce the risk of drug resistance. 

Furthermore, multi-stage inhibitors can be used to both prevent and treat malaria by 

targeting the liver and blood stages, respectively. Due to the broad importance of many 

kinase families for cellular functions in other systems, kinases have the potential to be 

multi-stage drug targets for malaria (44, 53, 54). Thus, Plasmodium kinases are pursued 

as both selective and multi-stage inhibitor development. Among the protein kinases 

identified in the parasite, this work focuses on the role of the atypical P. falciparum PK9 

and the putative cell-cycle kinase P. falciparum PK5. Additionally, work to elucidate the 

function of shikimate kinase in the Plasmodium parasite metabolism is also included. 
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2. Probing the Role of Protein Kinase 9 in Plasmodium 
Signaling Cascades 

2.1 Background 

The work in this chapter is based on the publications Takinib, a Selective TAK1 

Inhibitor, Broadens the Therapeutic Efficacy of TNF-α Inhibition for Cancer and 

Autoimmune Disease, Cell Chemical Biology, 2017 (55) and Plasmodium PK9 Inhibitors 

Promote Growth of Liver Stage Parasites, Cell Chemical Biology, 2018 (Accepted). This 

work was completed in collaboration with Dr. Rene Raphemot, Maria Toro-Moreno, 

Kuan-Yi Lu, and Rechel Geiger (Derbyshire lab members) as well as collaborators in the 

Haystead lab (Duke University). 

Despite the global impact of malaria, many aspects of Plasmodium biology remain 

elusive, which hinders novel drug development. In other disease systems, chemical 

probes used to interrogate protein function have been critical for advancing our 

understanding of disease biology and facilitating drug development. Protein kinases are 

important regulators of biological processes in eukaryotes, and thus have been exploited 

as chemotherapeutic targets in diverse conditions such as cancer, inflammatory diseases, 

and neurodegenerative disorders (41, 42).  

The Plasmodium genome is known to encode 84–99 protein kinases (Figure 5) (44-

46) and several studies support their critical role in survival at various stages of the 

parasites complex life cycle (47-52). Furthermore, research in the last decade has 

highlighted the potential for kinases to be drug targets in Plasmodium (39, 40) as they 
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likely play essential roles in cell signaling and cellular homeostasis. However, the 

paucity of small-molecules targeting Plasmodium protein kinases is a hindrance to 

probing their roles in cell signaling and regulation, especially for essential proteins that 

yield lethal phenotypes upon genetic disruption. Thus, the precise function of many of 

these proteins remains unknown. In addition, Plasmodium is an obligate intracellular 

parasite, thus small molecules used for cellular studies require selectivity for the 

pathogen over host targets.  

 

Figure 5: Phylogenetic tree of Plasmodium kinases. Atypical kinases are found 

throughout the tree. PfPK9 (PF13_0085) is most closely related to the CamK family, 

but remains divergent. Figure reprinted by permission from John Wiley and Sons: 

ChemBioChem (50). 
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Among the predicted Plasmodium kinases, a particularly intriguing group of 

atypical kinases are present. These protein kinases are phylogenetically divergent from 

mammalian kinases, including those in the human host (40, 44, 48, 54, 56). This sequence 

divergence presents a unique opportunity to mitigate the challenges of species 

selectivity. P. falciparum protein kinase 9 (PfPK9) is one such kinase, and while many 

details of its function have yet to be elucidated, it is known to be an essential protein for 

parasite development in the blood stage (48, 57). The most similar proteins in P. 

falciparum are PfKIN, PfCPK5, and PfCPK2, with only 35-36% sequence homology.  

To date, the only identified substrate of PfPK9 is the E2 ubiquitin-conjugating 

enzyme 13 (PfUBC13) (58), which is the homolog of human UBE2N/UBC13 (HsUBC13). 

In humans, HsUBC13 is the only E2 known to modify target proteins by conjugating 

K63-linked polyubiquitin chains and it does so in complex with UBE2v1 or UBE2v2 (59, 

60). These substrate modifications regulate signaling for DNA repair, as well as immune 

response pathways such as JNK mediated stress responses and NFκB/MAPK. However, 

details about PfPK9 mediation of PfUBC13 in the parasite signaling pathway remain to 

be determined. The low sequence homology of PfPK9 to eukaryotic protein kinases and 

compelling genetic evidence that it is an essential protein makes this protein kinase an 

ideal candidate for functional studies to uncover the intriguing roles in Plasmodium 

biology.  However, despite the importance of PfPK9 for parasite survival and its 
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potential role in ubiquitin signaling, no pharmacological modulators of this kinase were 

available to probe its physiological functions.  

2.2 Discovery of PfPK9-Binding Compounds that Inhibit 
Plasmodium 

2.2.1 Optimization of ATP-Competitive Binding Assay 

In order to discover small molecules that bind to PfPK9, a high-throughput 

screen was established since no inhibitors of the protein have been previously described. 

In collaboration with Dr. Rene Raphemot, an established ATP-competitive binding 

screen (61) was optimized for use with GFP-PfPK9 overexpressed in HEK293 cells. After 

expression, HEK293 cells containing GFP-PfPK9 were homogenized and the clarified 

lysate was bound to ATP-sepharose resin to capture the kinase, prior to the addition of 

potential binding compounds. This assay reveals small molecules that compete with the 

ATP-binding site directly or by allosterically influencing substrate affinity. Binding to 

the ATP-binding site was evaluated by measuring GFP fluorescence after protein elution 

in the presence of compound. First, PfPK9 binding to its native ligand ATP was 

examined. Using increasing concentrations of free ATP, an apparent Kd (Kd(app)) value of 

0.38 mM was determined (Figure 6). Using this assay, a Z' factor of 0.6 was achieved 

with DMSO as the negative control and 200 mM ATP as the positive control, indicating 

that the assay was robust (a typical Z’ factor for a robust target-based screen is 0.5-0.8).  
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Figure 6: PfPK9 Kd(app) for ATP determined by active-site-directed competitive 

binding assay (n = ≥4). 

2.2.2 Primary Binding Screen 

After the validation of the binding assay, 3379 compounds from a kinase-

targeted library were screened at a single concentration of 500 µM to determine whether 

they could compete with ATP binding against PfPK9 (Figure 7A). The library selection 

contained both ATP-like molecules and known kinase inhibitors. This biased library was 

chosen to increase the probability of obtaining hits since the protein of interest is a 

protein kinase. The assay utilizes a high immobilized ATP concentration of ~10 mM, 

making competition from the resin difficult. Therefore, compounds were initially 

screened at 500 µM to ensure elution of PfPK9 with competitive binders. The benefit of a 

high immobilized ligand concentration is the identification of hits that are tight binding 

compounds and reduces false positives, yielding a more efficient primary screen and 

thus saving on downstream costs.  
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Figure 7: Summary of PfPK9 screening results. A) PfPK9 binding of 

compounds screened (grey circles) assessed with an ATP-competitive binding assay. 

GFP-PfPK9 was quantified by fluorescence and normalized to DMSO (F/F0). 

Compounds confirmed by protein detection on Western blot are shown (black open 

circles). Threshold for actives was ≥2-fold change relative to DMSO (dashed line). B) 

Screening strategy. 3,218 compounds were tested for binding to PfPK9 and 14 actives 

were confirmed by Western blot. These were tested for activity against P. berghei 

parasites and identified five hits, where takinib (structure shown) was prioritized. 

From this primary screen, 304 compounds that produced a ≥2-fold increase in 

fluorescence intensity relative to the DMSO control were prioritized. Western blot was 

used as a secondary assay to detect GFP-PfPK9 (70 kDa) in the eluates with an anti-eGFP 

antibody, which confirmed 14 compounds (Table 1) that were able to bind to the kinase 

and resulting in a 0.44% hit rate (Figure 7B). Interestingly, this hit rate was unusually 

low for a biased library. This may be due to the high ligand concentration immobilized 

on the resin, but also suggests unique structural features may exist in PfPK9 when 

compared to other known ATP-binding proteins. To further prioritize compounds, the 

top 14 candidates were then screened for anti-Plasmodium activity. 
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Table 1. Chemical structures for top 14 screening compounds and Kd(app) values 

for PfPK9-binding of each compound. 

Compound Structure Kd, app (μM) 

1 

 

4.02 

2 

 

141.6 

3 

 

11.4 

4 

 

75.6 

5 

 

>1,000 
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6 

 

79.22 

7 

 

587.7 

8 

 

102.7 

9 

 

2.63 

10 

 

>1,000 

11 

 

189.6 



 

21 

12 

 

9.53 

13 

 

16.2 

14 

 

>1,000 

   

2.2.3 Liver Stage Plasmodium Inhibition by Screening Actives 

Anti-Plasmodium assays were completed utilizing the common liver stage malaria 

model system (62). P. berghei parasites constitutively expressing a luciferase tag were 

freshly dissected and used to infect HepG2 or HuH7 hepatoma cells prior to treatment 

with the compounds of interest (30 µM). After 45 hr, luminescence was detected as a 

measure of parasite load. Although the primary screen determined compounds binding 

to PfPK9, PbPK9 has 83% identity to PfPK9 and particularly high conservation within the 

ATP-binding pocket, suggesting the actives would bind to both proteins (Figure 8).  
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Figure 8: Sequence alignment of PfPK9 and PbPK9. Analysis shows 83% sequence 

identity (90% similarity) and the glycine triad (GXGXXG) necessary for ATP binding 

is conserved. Additional conserved protein kinase motifs are highlighted in red. 

Sequence alignment was performed using CLUSTALW in Geneious Pro v4.8.5. 

All 14 screening hits were tested at 30 µM for anti-Plasmodium activity (Figure 

9A). Five of these compounds (1–5, Table 1) reduced P. berghei parasite load by >50% and 

were identified as screening hits. In order to further prioritize compounds inhibiting a 

parasite target, host cell cytotoxicity was measured with a commercial fluorescence-

based protease activity assay (Figure 9B). The cytotoxicity of HepG2 and HuH7 

hepatoma cells was examined over the same period of time and under the same 

conditions as the anti-parasite assays. A cut-off threshold of ≥50% decrease in relative 

cell viability was used for assessing compound toxicity, which is the typical threshold 

for assays with obligate intracellular pathogen model systems. When tested at 30 µM, a 

statistically significant decrease in cell viability was observed for both hepatoma cell 

lines by 2. However, this inhibition was not >50% in HepG2 cells. For takinib and 3–5, 

host cell viability was not inhibited by >50% in either hepatoma cell line. These results 

suggest that P. berghei inhibition by these compounds is not due to host cytotoxicity.  
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Figure 9: Liver stage Plasmodium inhibition identifies hits. A) Screening actives (1–
14) tested for inhibition of P. berghei liver stage parasites (30 µM). Compounds 

reducing parasite load >50% (dashed line) were selected as hits. Data shown as mean ± 

SEM (n = 6). B) Cytotoxicity of 1–5 (30 μM) in HepG2 and HuH7 hepatoma cells. Data 

normalized to DMSO and shown as mean ± SEM (n = 3). Statistical analysis; one-way 

ANOVA; *p<0.05, **p<0.01 compared to DMSO. 

Interestingly, the five hit compounds with anti-Plasmodium activity represent just 

two chemical scaffolds; takinib and 2–3 are benzimidazoles and 4–5 are quinolones. 

False positives are a common risk with high-throughput screening campaigns, however 

the presence of these structural analogs among the prioritized hits increased our 

confidence in their selection for further study.  

2.2.4 Kd Determination for Top Hits 

To focus efforts on compounds with cell permeability and anti-Plasmodium 

activity, takinib and 2–5 were purchased for PfPK9 binding studies. All five purchased 

hits were retested in the binding assay to confirm the results observed in the primary 

screen and each reproduced in the PfPK9 binding assay. They were subsequently used 

to obtain dose-dependent curves to determine binding affinity (Figure 10).  
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Figure 10: Binding curves of takinib and compounds 2–5. Data are shown as mean ± 

SEM (n ≥ 2). Inset shows representative takinib curve, mean Kd(app) = 0.46 ± 0.10 µM. 

The binding affinity of takinib to PfPK9 was determined by converting the 

acquired EC50 value to a Kd(app) value, using a previously reported equation (63, 64). With 

this approach, the Kd(app) of takinib was determined to be 0.46 µM. Compounds 2–5 did 

not saturate binding curves when tested up to 500 µM, suggesting Kd(app) values greater 

than that of takinib (>0.5 µM). Due to the low micromolar binding affinity, inhibition of 

Plasmodium liver-stage parasites, and lack of host cytotoxicity, takinib was prioritized for 

further functional studies. 

2.3 PfUBC13 and HsUBC13 are Substrates of PfPK9 

Previous work from collaborators in the Haystead lab (Duke University) showed 

that PfPK9 is a serine/threonine protein kinase that auto-phosphorylates on three 

residues. The authors also identified P. falciparum UBC13 (PfUBC13) as a native substrate 

of PfPK9 by tracking phosphate transfer in P. falciparum infected erythrocytes using 
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radiolabeled ATP (58). PfUBC13 is a homolog to HsUBC13, a human E2 ubiquitin-

conjugating enzyme that only utilizes K63-linkages to conjugate ubiquitin to substrates 

in complex with an E3 ligase.  

 

Figure 11: Purified UBC13 proteins. A) Cleaved HsUBC13 (17 kDa) is shown on 

Coomassie stained SDS-PAGE. B) PfUBC13-His6 (18 kDa) shown by anti-His Western 

blot (left) and Coomassie stained SDS-PAGE (right). 

To confirm that PfUBC13 is a PfPK9 substrate in vitro, a reported radiolabeled 

ATP kinase assay (65) was modified for this work and utilized with purified kinase and 

substrates (all purified in-house, see Chapter 3 for PfPK9 purification). PfUBC13 (18 

kDa) was amplified from cDNA and cloned into the pET-21a expression vector with a 

His6 tag. A pGEX6 plasmid containing GST-HsUBC13 was obtained from Dr. Wei Xiao 

(University of Saskatchewan) (66). Both UBC13 proteins were expressed in E. coli 

BL21(DE3) cells and purified with Ni-NTA or glutathione affinity resins, followed by 

size-exclusion chromatography. HsUBC13 (17 kDa) was cleaved from the GST tag prior 

to assays. Proteins were >95% pure based on SDS-PAGE analysis (Figure 11).  
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This kinase activity assay utilizes [γ-32P]ATP, such that the radioactive phosphate 

can be monitored during the transfer from ATP to the substrate when the kinase is 

active. From these experiments, it was determined that the purified PfPK9 was able to 

auto-phosphorylate when tested alone and it was able to actively phosphorylate 

PfUBC13, as shown by the presence of bands on the radiography film. This indicates that 

the purified kinase was properly folded and active. In addition to phosphorylating 

PfUBC13, it was found that PfPK9 is capable of phosphorylating HsUBC13 as a target in 

vitro (Figure 12).  

 

Figure 12: PfPK9 kinase activity assay. Reactions were completed in the presence of 

[γ-32P]ATP using PfUBC13 and HsUBC13 as substrates (n = 2). Samples were resolved 

simultaneously on SDS-PAGE and radiographed for 24 hr. Distinct bands can be seen 

for PfPK9 autophosphorylation and phosphorylation of either HsUBC13 or PfUBC13. 
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2.4 Effects of Takinib on Plasmodium Parasites in Cells 

2.4.1 Takinib Modulates K63-linked Ubiquitination in Blood Stage 
Parasites 

To evaluate if takinib can modulate PfPK9 activity in parasites, but few phospho-

specific protein antibodies exist for Plasmodium making these experiments challenging. 

However, since PfUBC13 is the only known PfPK9 substrate, its activity was used as a 

proxy for detecting kinase inhibition in cells. To explore the binding of takinib to PfPK9 

in live parasites, changes in K63-linked protein ubiquitination within P. falciparum-

infected red blood cells was monitored. The blood-stage Plasmodium model system was 

strategically selected for this study since there is currently no method to extract 

Plasmodium parasites from liver cells. Consequently, Plasmodium proteins cannot be 

deconvoluted from human proteins using commercially available antibodies that detect 

K63-linked ubiquitin.  

Blood stage P. falciparum 3D7 parasites (ring stage) were treated with 30 µM 

takinib for 24 hrs (cultured by Kuan-Yi Lu) and a K63-linkage specific ubiquitin 

antibody (anti-K63Ub) was used to assess K63-linked ubiquitin levels via Western blot. 

Compound 5 was also evaluated to determine if a PfPK9-binding compound with a 

different scaffold similarly affects these post-translational modification (PTM) levels. 

After incubation with 30 µM takinib or 5, K63-linked protein ubiquitination in P. 

falciparum decreased as indicated by reductions in several band intensities relative to the 

DMSO control (Figure 13A). Furthermore, takinib displayed a dose-dependent effect on 
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K63-linked ubiquitin when blood stage parasites were treated with 0.001–100 µM 

(Figure 13B).  

 

Figure 13: Takinib and compound 5 decrease K63-linked ubiquitin in P. 

falciparum 3D7 blood stage parasites. A) K63-linked ubiquitin visualized by Western 

blot in treated parasites (DMSO or 30 µM compound). B) K63-linked ubiquitin in 

parasites treated with takinib (0.001–100 μM). Protein bands A, C, and D exhibit dose-

dependent reduction in K63-linked ubiquitin, while B remains unaffected up to 100 

μM based on densitometry. Actin detected as a loading control. Representative data 

shown (n = 2–3).  

As an additional control, the quantity of K48-linked ubiquitin was concurrently 

evaluated with K63-linked ubiquitin in takinib treated samples (Figure 14A). K48-linked 

ubiquitin is involved in marking proteins for degradation and unrelated to the K63-

linked ubiquitin signaling cascade, therefore it was expected that takinib would have no 

effect on these PTM levels. The total intensity of bands was quantified after labeling for 

K63-linked ubiquitin, K48-linked ubiquitin, and actin (Figure 14B). As expected, actin 

and K48-linked ubiquitin signals did not decrease with treatment of takinib, however 
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K63-linked ubiquitin displayed a significant decrease when treated at both 30 and 100 

µM, indicating a K63-linked ubiquitin pathway-specific response to takinib treatment.  

 

Figure 14: Effects of takinib on ubiquitination and inhibition in P. falciparum 

3D7 blood stage parasites. A) Detection of K63-linked ubiquitin (top panel), K48-

linked ubiquitin (middle panel), and actin (bottom panel) by Western blot in 

parasites treated with takinib (0.001–100 µM). Representative blots shown (n = 2). B) 

Quantification of mean band intensity relative to DMSO. K63-linked ubiquitin 

decreased with 30 µM and 100 µM takinib, while actin and K48-linked ubiquitin 

controls were unaffected. Data shown as mean ± SEM (n = 2). *p<0.05, ****p<0.0001, 

two-way ANOVA. C) Takinib (100 µM) inhibits P. falciparum 3D7 (~85%). Negative 

control was DMSO and positive control was chloroquine (CQ, 6 µM). Samples were 

tested in triplicate and data shown as mean ± SEM. ****p<0.0001, one-way ANOVA. 

To assess the effects of takinib on P. falciparum parasites in the blood stage, a cell-

based assay was also completed using a dose-response (0–100 µM). It was determined 

that takinib significantly inhibits parasites at high concentrations (100 µM, Figure 14C), 
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but parasite load was not influenced under the ubiquitination assay conditions (≤30 

µM). Importantly, these results suggest that the observed decrease in K63-linked 

ubiquitin in parasites upon treatment with takinib is independent from parasite death.   

2.4.2 Takinib Inhibits Plasmodium Liver Stage Development 

To determine if takinib also has the ability to inhibit Plasmodium liver stage 

parasites, dose-response experiments were completed in two hepatocyte cell lines, 

HepG2 and HuH7, infected with P. berghei parasites. Takinib inhibited parasite load in 

both HepG2 and HuH7 cells with EC50 values of 6.7 ± 1.3 and 7.3 ± 0.99 µM, respectively 

(Figure 15A). To evaluate potential compound cytotoxicity, hepatoma cell viability was 

assessed under the same experimental conditions as the anti-Plasmodium assays using a 

fluorescence-based protease activity assay and a luminescence-based assay that detects 

ATP. Based on these studies, host cell viability does not decrease by more than 30% in 

either hepatocyte cell line at any concentration tested, and thus does not correlate with 

parasite load inhibition (Figure 15A).  

After establishing parasite inhibition, to better understand the mode of action of 

takinib, experiments were conducted to evaluate takinib treatment at different times 

during infection. In the liver stage, Plasmodium first migrates through several 

hepatocytes in a process termed traversal (0–3 hrs) before invasion is complete (67). To 

establish whether takinib inhibits traversal/invasion early in the infection or later stages 

of parasite development, potency was compared when HepG2 cells were treated with 
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takinib at the time of infection (0 hr post-infection, 0 hpi) and when treated after the 

invasion was complete (4 hpi). From these experiments, no significant change in takinib 

potency was observed when treated at 0 hpi vs 4 hpi (Figure 15B). These data indicate 

that takinib does not inhibit parasite invasion of host liver cells, but rather affects 

parasite growth and development later in the infection. 

 

Figure 15: Takinib effects on Plasmodium liver stage parasites. A) Takinib 

inhibits P. berghei parasites in HepG2 and HuH7 hepatocytes. EC50 = 6.7 and 7.3 µM, 

respectively (black circles). Cell viability was >30% at all concentrations in both 

hepatocyte lines (red circles). Data shown as mean ± SEM (n ≥ 4). B) Takinib inhibits 

P. berghei parasites in HepG2 with addition at 0 or 4 hpi, EC50 = 11 µM for both. Data 

shown as mean ± SEM (n = 6). C) Representative gel of PbPK9 and Pb18S PCR 

products in HepG2 (n = 2). D) qRT-PCR analysis of PbPK9 mRNA in HepG2 cells and 

E) HuH7 cells. Data shown as mean ± SEM (n = 1–2). Data were normalized to the 

reference gene Pb18S at each timepoint and transcript levels shown relative to 

sporozoites (0 hpi).  
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To further probe the biological function of PK9 in Plasmodium, the gene 

expression profile of PbPK9 was measured throughout liver stage development. P. 

berghei-infected HepG2 and HuH7 cells were collected at various hours post-infection 

and analyzed with qRT-PCR. Freshly dissected sporozoites were used to normalize 

samples collected at 4, 24, and 48 hpi. Each time point was also normalized to Pb18S to 

control for parasite numbers since a single Plasmodium parasite develops into 10,000–

30,000 over the course of liver stage infection (68). Pb18S exhibited a time dependent 

increase post-infection, indicating parasite maturation and replication (Figure 15C). It 

was also observed that PbPK9 is expressed in sporozoites and throughout the infection 

of HepG2 cells (Figure 15C-D). The highest levels of PbPK9 were observed at 4 hpi in 

both hepatoma cell lines (Figure 15D-E).  

2.4.3 Takinib Induces Plasmodium Parasite Growth in the Liver 

To further investigate the effects of takinib on liver stage Plasmodium and the 

mode of parasite inhibition, immunofluorescence assays were performed. P. berghei-

infected HuH7 cells were treated with 10 (~1x EC50) or 30 μM (~3x EC50) takinib for 

various periods of time, including 0–24 hpi, 24–48 hpi and 0–48 hpi. Infected cells were 

subsequently labeled with P. berghei HSP70 (PbHSP70) antibody at 48 hpi to visualize the 

parasites and DAPI to detect nuclei of HuH7 and P. berghei. Takinib treatment at 10 µM 

significantly increased the exo-erythrocytic form (EEF) size when compared to DMSO-

treated cells at all time periods tested (Figure 16A-B), however the number of EEFs 
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(infected cells) was not affected (Figure 16C). Treatment of P. berghei-infected cells with 

30 μM takinib also led to increased EEF size when added for either 0–24 hpi or 24–48 hpi 

(Figure 16D). Interestingly, the number of EEFs decreased when 30 μM takinib was 

added for 0–24 hpi or 0–48 hpi (Figure 16E). These results indicate that parasite numbers 

are affected by events after invasion. 

 

Figure 16: Takinib causes increase in Plasmodium parasite size during liver-

stage infection. A) Representative immunofluorescence images of P. berghei EEFs in 

HuH7 cells treated with DMSO, 10 μM takinib, or 30 μM takinib at various times 

post-infection. Cells were stained for PbHsp70 (green) and DAPI (blue). Scale bars, 20 

µm. B) EEF size and (C) number of infected cells with 10 μM takinib. D) EEF size and 

(E) number of infected cells with 30 μM takinib. Image quantification completed in 

ImageJ. Data are shown as mean ± SEM (n = 2). **p<0.01,***p<0.001,****p<0.0001, one-

way ANOVA. 
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2.4.4 Effects of Takinib on Plasmodium Blood Stage Parasite Size  

To examine whether takinib induces the same effects on parasite size during the 

blood stage of infection, immunofluorescence assays were performed on P. falciparum-

infected red blood cells (Kuan-Yi Lu). Infected cells were treated with 30 μM takinib at 

various times during the infection, including 6–30 hpi, 6–44 hpi and 30–44 hpi. Infected 

cells were subsequently smeared and detected with Giemsa stain at 44 hpi to visualize 

the nuclei of P. falciparum (red) and cytoplasm of cells (blue). After analysis of >8000 

infected cells, it was observed that takinib treatment (30 µM) did not affect parasite size 

when compared to DMSO-treated cells at any of the time periods tested (Figure 17).  

 

Figure 17: Takinib treatment at 30 µM does not affect P. falciparum 3D7 size 

when treated at various times post-infection. Parasites were detected with Giemsa 

stain and analyses were conducted at 44 hpi. Image quantification completed with 

ImageJ. Data are shown as mean ± SEM from >8000 infected cells (n = 1). 

While these results do not agree with the effects observed during the liver stage, 

it is predicted that a higher concentration of takinib is required to see a growth in 

parasite size. After this experiment was conducted, the EC50 for takinib against P. 

falciparum 3D7 parasites was subsequently determined to be ~80 µM, which is 10-fold 
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higher than observed in the liver stage. Based on liver stage P. berghei data, growth 

stimulation is observed when parasites are treated with 1x the EC50, while a size 

decrease is observed during treatment at 3x the EC50. Thus, blood stage P. falciparum 

experiments would need to be repeated with 80 µM takinib to determine if the inhibitor 

affects parasite size during blood stage infection.  

2.5 PfPK9 May Have a Similar Functional Role to HsTAK1 

The lack of structural information on PfPK9 represents a hurdle for studying 

molecular interactions involved in compound binding, but there is compelling evidence 

that PfPK9 is functionally similar to HsTAK1. Previous work completed by the 

Derbyshire and Haystead labs indicated that Takinib was a potent and selective HsTAK1 

inhibitor, with an IC50 of 9.5 nM (55). After profiling its activity against 140 human 

kinases, it was determined that takinib also inhibits 5 other kinases by greater than 90% 

when examined at 10 µM (Figure 18). However, HsTAK1 was inhibited 12-fold more 

than any other kinase and among these top human kinase targets were HsIRAK4 (IC50 

120 nM) and HsIRAK1 (IC50 390 nM). Interestingly, HsTAK1, HsIRAK4, and HsIRAK1 

are all members of the Tyrosine Kinase-Like family and are involved in the same protein 

polyubiquitination pathway mediated via HsUBC13 (69-71).  
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Figure 18: Human kinome activity panel with takinib. Of ~140 human kinases 

that represent the entire human kinome, only six were inhibited by >90%. Of these 

six, three (HsIRAK4, HsIRAK1, and HsTAK1) are in the same Tyrosine Kinase-Like 

family and involved in the same immune signaling cascade. Figure generated from 

data reported in (55). 

The inhibition of these kinases involved in HsUBC13 signaling and the decrease 

of PfUBC13 activity by takinib suggests structural homology may exist between HsTAK1 

and PfPK9. This is further illustrated by the result that PfPK9 can phosphorylate both 

PfUBC13 and HsUBC13 in vitro and takinib has the ability to decrease K63-linked 

ubiquitin in parasites. The observation that there are unaffected protein targets with 

K63-linked ubiquitin PTMs in the presence of takinib, even at high concentrations, 

suggests there may be a PfUBC13 pathway independent of PfPK9 in Plasmodium. In 

mammalian cells, there are pathways involving HsUBC13 that are HsTAK1 independent 

as well as targets of HsUBC13 upstream of HsTAK1 (60). Additionally, E3 ligases that act 

with the E2 conjugating enzyme determine the target specificity for polyubiquitination. 

In the human host, there are four E3’s that are known to pair with HsUBC13 to catalyze 

polyubiquitination activity (HLTF, SHPRH, RNF5, and TRIM5). Among these, only 
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TRIM5 has a homolog in P. falciparum based on sequence analysis, but there are likely 

others that cannot be predicted based on currently available bioinformatic tools. 

Taken together, these results suggest PfPK9 may also have a functional role 

similar to HsTAK1. This potential functional similarity is particularly intriguing in light 

of the low sequence identity (21%) between HsTAK1 and PfPK9. Plasmodium has an 

unusual AT-rich genome, which encodes proteins with higher Asn/Lys content 

compared to eukaryotic proteins. As a consequence, ~40% of Plasmodium genes have 

unknown functions (31). Our work with PfPK9 suggests more of Plasmodium’s 

unassigned genes have structural similarity and potentially related signaling pathways 

to eukaryotic proteins that cannot be predicted with current bioinformatic tools. 

2.6 Discovery of HS220, a PfPK9 Selective Compound 

2.6.1 PfPK9 Binding by Takinib Analogs 

Takinib was previously shown to be a potent inhibitor of HsTAK1 (55) and with 

evidence suggesting HsTAK1 and PfPK9 may have similar cellular roles, there is a 

possibility that takinib may exhibit its affects by binding to PfPK9 or HsTAK1, or both, to 

inhibit Plasmodium. To discern between these possibilities, we sought to develop 

compounds with selectivity for PfPK9 binding over HsTAK1. A series of 15 takinib 

analogs were synthesized (Philip Hughes, Haystead lab, Duke University). These 

analogs were evaluated for PfPK9 binding using the ATP-competitive binding assay 

described in Section 2.2.2. GFP-PfPK9 was overexpressed in HEK293T cells, cell lysates 
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were bound to ATP resin, and the 15 analogs were screened for competitive binding to 

PfPK9. When the 15 analogs were screened at 500 µM and 250 µM, seven were able to 

bind to PfPK9 to a similar degree or better than takinib based on relative fluorescence 

intensity (Figure 19A). Furthermore, after elution an anti-eGFP Western blot was used to 

confirm protein corresponding to the molecular weight of GFP-PfPK9 was present in the 

eluates for the seven takinib analogs. Six takinib analogs were confirmed to bind GFP-

PfPK9 using this validation assay (Figure 19B).  

 

Figure 19: Takinib structural analogs bind PfPK9. A) Seven of the 15 analogs 

tested bound equivalent to or better than takinib when tested at 500 µM and 250 µM. 

Fluorescence of GFP-PfPK9 was measured relative to DMSO (F/F0). B) Western blot 

with anti-eGFP confirmed PfPK9 binding for six analogs. DMSO and HS235 were 

negative controls, takinib and ATP were positive controls. C) Fluorescence intensity 

of each compound was measured in binding assay buffer and confirms assay signal is 

not attributed to inherent compound fluorescence. 

Additionally, to eliminate the possibility that detected signal was from inherent 

compound fluorescence, fluorescence was measured with a range of each compound 

alone in the binding assay buffer (200–500 µM). There was no change in fluorescence 
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with increasing concentrations for any of the compounds (Figure 19C), indicating the 

increased signal during the binding assay is solely attributed to kinase binding. 

2.6.2 HS220 Binds to PfPK9 but Does Not Inhibit HsTAK1 

Of the six validated PfPK9-binding analogs, HS220 and HS230 (Figure 20A) have 

been previously shown to have little or no effect on HsTAK1 activity (55). Due to the 

poor solubility of HS230, HS220 (Figure 20B) was selected for further analysis. Using the 

ATP-competitive binding assay, the HS220 Kd(app) of 4.1 ± 0.80 µM was determined for 

PfPK9 binding (Figure 20C). Replacing the primary benzamide from the neutral species 

takinib with a carboxylic acid in HS220, which has a negative charge, caused a dramatic 

loss of efficacy against HsTAK1 (55). This single compound modification yielded 

160,000-fold less potent inhibition (Figure 20D).  

 

Figure 20: PfPK9 selective takinib analog HS220. A) Relative PfPK9 binding of 

HS220 and HS230. Both bind PfPK9 >3-fold compared to the DMSO control, but 

displayed little or no inhibition of HsTAK1. B) Structure of HS220. C) HS220 binds 

PfPK9 with a Kd(app) of 4.1 ± 0.80 µM.  Representative binding curve shown as mean ± 

SEM (n = 2). D) HS220 inhibition of HsTAK1 and PfPK9 binding affinity relative to 

takinib. Fold change indicated above bars. HsTAK1 data from (55) was used to 

generate D. 
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This extreme change between takinib and HS220 activity in HsTAK1 could stem 

from electrostatic repulsion in the tight binding pocket, where takinib has been shown to 

fit into the binding site with very little space remaining (PDB: 5V5N). Assuming that the 

HS220 molecule binds in the same orientation as takinib, the carboxylic acid of the 

analog would be in the deepest portion of the pocket and would be too close to the 

surrounding residues for optimal contacts. In contrast to these changes seen with 

takinib, only a minor change in PfPK9 binding affinity (8.9-fold less potent) is observed 

between HS220 and takinib (Figure 20D). It is possible that PfPK9 has a larger binding 

pocket or a different electrostatic landscape in the pocket to accommodate the additional 

charge on HS220 relative to HsTAK1. In support of this proposal, an alignment of PfPK9 

with HsTAK1 suggests more residues may be present in the PfPK9 catalytic and hinge 

regions, which indicates a larger binding space (Figure 21).  
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Figure 21: Sequence alignment of HsTAK1 and PfPK9. Key residues that are 

predicted to be important for HsTAK1 binding to takinib based on structural studies 

(55) are indicated by red asterisks. Each of these residues are identical in PfPK9, 

except Val42 in HsTAK1, which retains similarity in PfPK9 with Ile113. 

Furthermore, aligning the critical binding and activity regions of PfPK9 with 

those in HsTAK1, HsIRAK1, and HsIRAK4 highlights major differences between these 

kinases (Figure 22). These three human kinases experience low nanomolar inhibition by 

takinib and they all have less residues in the catalytic domain than PfPK9. However, 

while HsIRAK1/4 only have two less residues, HsTAK1 has seven less residues in this 

region—likely causing the tight binding space seen in the crystal structure previously 

reported (55) and accounting for a lower binding affinity for takinib to the other kinases. 
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Figure 22: Sequence alignment of key domains in HsTAK1, PfPK9, HsIRAK1, 

and HsIRAK4. There are significant changes in the catalytic site, the hinge region, and 

the activation loop that may play a role in the varying binding profiles of takinib and 

HS220 to each of the kinases. 

2.6.3 Takinib and HS220 are Not Promiscuous Kinase Inhibitors 

To probe takinib and HS220 selectivity in the context of the Plasmodium kinome, 

their affinity to two unrelated Plasmodium kinases was measured using KINOMEScan. P. 

falciparum protein kinase 5 (PfPK5, a cyclin-dependent protein kinase) and P. 

falciparum calcium‐dependent protein kinase 1 (PfCDPK1) are the only two kinases 

currently available for this platform testing due to the difficulty in obtaining pure and 

soluble Plasmodium proteins. Takinib and HS220 had no binding affinity for either PfPK5 

or PfCDPK1 when tested up to 30 µM (Kd>30 µM, Figure 23). While these studies do not 

eliminate the possibility of other binding partners in Plasmodium, taken together with the 

selectivity of takinib within the human kinome (Figure 18) and the atypical nature of 

PfPK9, these results hint at a narrow binding profile for takinib and HS220 within the 

parasite proteome. 
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Figure 23: Binding study on unrelated Plasmodium protein kinases PfPK5 and 

PfCDPK1 using KIMONEscan. Neither A) takinib or B) HS220 binds to these two 

kinases when tested up to 30 µM (Kd > 30 µM). Data shown as mean ± SEM (n = 2). 

2.6.4 HS220 Increases Plasmodium Parasite Size in the Liver 

To determine whether a more selective compound had the same effects on 

parasites, the anti-Plasmodium activity of HS220 was evaluated and compared to that of 

takinib (in collaboration with Maria Toro). Similar to takinib, HS220 inhibits P. berghei 

parasite load in HuH7 cells with an EC50 of 43 ± 3.8 µM (Figure 24A). Importantly, no 

significant change was observed in HuH7 cell viability upon HS220 treatment. The 

selectivity of HS220 to PfPK9 and the inhibition of parasites supports its use as a 

chemical probe in cell-based studies. Because of its reduced HsTAK1 affinity, the 

inhibitory activity of HS220 in parasites supports an essential role for PfPK9 in 

Plasmodium, in agreement with genetic studies demonstrating a lethal phenotype after 

gene disruption (48, 57). 

Immunofluorescence studies were also conducted (Maria Toro) to examine if 

PK9 inhibition by HS220 also produces the unique phenotype of increased parasite size. 



 

44 

P. berghei-infected HuH7 cells were treated with 30 µM (~1x EC50) or 100 µM (~3x EC50) 

HS220 from 0–48 hpi and visualized at 48 hpi. HS220 treatment at 30 µM significantly 

increased P. berghei EEF size when compared to DMSO-treated cells (Figure 24B), but the 

number of EEFs did not change (Figure 24C). At 100 µM HS220 P. berghei EEF size was 

not affected (Figure 24B), but the number of EEFs decreased (Figure 24C).  

 

Figure 24: Takinib analog HS220 inhibits Plasmodium liver stage parasites. A) 

HS220-dependent inhibition of P. berghei parasite load in HuH7 cells, EC50 = 43 ± 3.8 

µM. Cell viability did not decrease >25% at any concentration tested (red). 

Representative curve shown as mean ± SEM (n = 3). B) EEF size and C) number of 

infected cells after DMSO or HS220 treatment at 0 hpi. Analyses were conducted at 48 

hpi. Data shown as mean ± SEM (n = 3). *p<0.05, **p<0.01, one-way ANOVA.  

These observations are consistent with the effects of takinib when administered 

at concentrations above the EC50 value. Thus, liver stage Plasmodium phenotypes are 

conserved between treatment with takinib and HS220, despite the fact that HS220 does 

not inhibit HsTAK1. This suggests that these phenotypic effects are due to targeting of 

the parasite PK9. In contrast to the asexual blood stage, the host hepatocyte does not lyse 

during infection, rather the parasites use the liver cell membrane to enter the 
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bloodstream. Since invasion is not inhibited by these molecules, it suggests that liver 

cells encasing larger EEFs lyse or are cleared after invasion. During the course of liver 

stage infection, Plasmodium parasites manipulate signaling pathways within their host 

hepatocyte to prevent cell death. Therefore, the significant increase in EEF size caused 

by takinib and HS220 treatment could disrupt this fine-tuning of host signaling 

pathways by the parasites, and potentially lead to apoptosis of infected hepatocytes. 

Additionally, it remains possible that the increased size induced by PK9 inhibitors 

results in the development of aberrant or immature parasites that are not viable. 

However, in vivo investigations are necessary to assess this potential phenotype.  

To the best of our knowledge, no small molecule inhibitor has been previously 

reported to enhance parasite size and generally, liver stage Plasmodium inhibitors are 

characterized by a decrease in EEF size and/or EEF numbers. Thus, our observed 

increase in EEF size likely represents a novel mechanism of inhibition and could indicate 

uncontrolled parasite growth due to the disruption of PK9-mediated cellular signaling 

or a role of PK9 in regulating nutrient acquisition (72). Currently, it is unclear what 

downstream PK9 substrate is responsible for the stimulation of parasite size, but we 

predict that this substrate and other members of the pathway could be drug targets.  

2.6.5 HS220 Decreases K63-linked Ubiquitin in Blood Stage Parasites 

Furthermore, HS220 was examined for the ability to modulate K63-linked 

ubiquitin levels in P. falciparum 3D7-infected erythrocytes and compared to the effects of 
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takinib (cultured by Kuan-Yi Lu). When parasites were incubated with 30 µM HS220, a 

significant decrease in anti-K63Ub signal was observed on the Western blot for several 

protein target bands (Figure 25). These K63-linked ubiquitin decreases are similar to 

those seen with takinib and compound 5 treatment. Additionally, the same protein 

bands appear to be affected during treatment with takinib and HS220. This data further 

supports the proposal that targeting PfPK9 in live parasites by these compounds affects 

vital downstream signaling involving K63-linked ubiquitin conjugation. 

 

Figure 25: K63-linked ubiquitin was visualized via Western blot in 30 µM 

compound-treated and DMSO-treated P. falciparum 3D7-infected erythrocytes. 

Uninfected red blood cells (uRBCs) were evaluated as a control. The two bands 

shown exhibit decreased K63-linked ubiquitination in the presence of compounds 

based on densitometry. Actin was detected as a loading control. 

2.7 Conclusions and Future Work 

In this work, the role of PfPK9 in Plasmodium has been characterized with the 

discovery that the small molecule takinib binds to the parasite kinase with sub-

micromolar affinity. Interestingly, takinib is a potent and selective inhibitor of human 

TAK1 (55), which is regulated by HsUBC13 (60). Thus, the binding of takinib to PfPK9 

and HsTAK1, which both interact with UBC13 suggests these proteins may be involved 
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in related pathways. To achieve species selectivity, 15 takinib analogs were synthesized 

and characterized, leading to the identification of HS220 — a molecule that binds PfPK9 

but does not inhibit HsTAK1. Takinib and HS220 inhibit Plasmodium parasite load in 

hepatoma cells through a novel mechanism that coincides with a disruption of 

controlled parasite growth. It was demonstrated that both takinib and HS220 decrease 

K63-linked ubiquitination levels in Plasmodium, supporting the role of PfPK9 as a 

regulator of PfUBC13 in vivo.  

The discovery and use of PfPK9-targeting molecules represent an important step 

in understanding biological pathways regulated by this kinase and supports future 

development of Plasmodium protein kinase inhibitors for malaria control. Additionally, 

as a PfPK9 specific compound, HS220 may be leveraged for future studies to elucidate 

the K63-linked ubiquitin signaling cascade in Plasmodium as well as uncover the role of 

PK9 in regulating Plasmodium parasite development on a more detailed level. Future 

studies identifying the polyubiquitinated proteins affected by takinib and HS220 will 

reveal downstream members of this signaling cascade in Plasmodium.  

Ultimately, a crystal structure of PfPK9 would be a gold mine of information that 

would provide insights into the landscape within this Plasmodium kinase and aid in 

future inhibitor development. However, given the difficulty in expressing and purifying 

high yields of PfPK9 kinase in our lab, as well as others (personal communiations), 

obtaining a structure remains an outstanding challenge. PfPK9 mutagenesis experiments 
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within the active site has the ability to provide valuable information to aid in further 

efforts for Plasmodium PK9 inhibitor design.  

2.8 Materials and Methods  

2.8.1 Materials 

HEK293T and HepG2 cells were obtained from the Duke Cell Culture Facility. 

HuH7 cells were a kind gift from Dr. Peter Sorger (Harvard Medical School). Cells were 

cultured in Dulbecco’s modified Eagle’s medium (Life Technologies) supplemented with 

10% FBS (Sigma) and 1% antibiotic-antimycotic (Life Technologies) and maintained in a 

standard tissue culture incubator (37 °C, 5% CO2). ATP-sepharose resin was prepared in 

house according to a previously published protocol (63). Plasmodium berghei ANKA 

infected Anopheles stephensi mosquitoes were purchased from the New York University 

Langone Medical Center Insectary.  

2.8.2 Generation of a Stable Cell Line 

The P. falciparum PK9 gene (PF3D7_1315100) was cloned into the pEGFP-C1 

mammalian expression vector (Clontech) in frame with a C-terminal GFP tag (Rene 

Raphemot). For screening, HEK293T cells were transfected with the resulting PfPK9-

pEGFP-C1 vector to generate HEK293T-GFP-PfPK9 expressing cells using X-tremeGENE 

HP transfection reagent (Roche) per the manufacturer instructions. Briefly, the culture 

medium was replaced at 48 hrs post-transfection with medium supplemented with 1 

mg/mL G418 sulfate for selection. Following stable cell selection, fluorescence activated 
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cell sorting (FACS) was used to enrich for GFP-PfPK9 expressing cells, which were then 

cultured with medium supplemented with 0.2 mg/mL G418 sulfate for all following 

experiments. Protein expression was verified by Western analysis via rabbit eGFP 

antibody (CAB4211, Pierce) and fluorescence intensity was measured using an EnVision. 

2.8.3. P. falciparum 3D7 Blood Stage 

P. falciparum 3D7 isolate was maintained under standard conditions (73, 74) in 

complete culturing medium (10.44 g/L RPMI 1640, 5.94 g/L HEPES, 50 mg/L 

hypoxanthine, 2.02 g/L sodium bicarbonate, 5 g/L albuMAX II, 25 mg/L gentamicin, pH 

7.2). Parasite cultures were supplied with human red blood cells (Gulf Coast Regional 

Blood Center) at 1% hematocrit. To obtain synchronous cultures, Plasmodium parasites 

(at least 50% parasites at the early-ring stage) were pelleted at 300 xg for 7 min using a 

low brake setting and treated with 25 volume 5% D-sorbitol at 37 °C for 10 min. Treated 

parasites were then harvested and washed with 25 volumes of complete culturing 

medium using the aforementioned centrifugation protocol, and diluted with the 

complete medium to 1% hematocrit to maintain the parasite culture at 37 °C and 5% 

CO2.  

2.8.4 P. berghei Liver Stage Assays 

Liver stage assays were performed as previously described (62). Briefly, 15000 

HepG2 or 8000 HuH7 cells/well were seeded into 384-well plates using a multichannel 

pipette. After 2 hrs at 37 °C, compounds (0–100 μM) were added to cells in duplicate or 
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triplicate with 1% DMSO and DMSO was used as a negative control. P. berghei ANKA 

sporozoites constitutively expressing luciferase were obtained by harvesting salivary 

glands of infected A. stephensi mosquitoes. Following compound incubation at 37 °C for 

1 hr, P. berghei ANKA sporozoites were added to wells containing cells at 3000 

sporozoites/well. The plates were spun for 10 min at 1000 rpm and incubated at 37 °C for 

45 hrs. The assay volume was 30 μL. After incubation, liver cell viability was assessed 

using CellTiter-Fluor (Promega) and parasite load was determined using Bright-Glo 

(Promega). The relative fluorescence and luminescence signal intensity of each well was 

evaluated with an EnVision and normalized to the negative control (DMSO). Dose-

response analysis was performed with GraphPad Prism. 

2.8.5 ATP-Competitive Binding Assay in Mammalian Cells 

A small-molecule screen was performed similar to a previously reported ATP-

competitive binding assay (63). Briefly, HEK293-GFP-PfPK9 cells were grown in 182-cm2 

tissue culture flasks and harvested at 90–95% confluency by aspirating culture medium 

and collecting cells with ice cold PBS. Cells were pelleted by centrifugation. To lyse, 

pellets were incubated on ice for 30 min in buffer (25 mM HEPES, pH 7.4, 150 mM NaCl, 

60 mM MgCl2, 1 mM DTT, 1 μM microcystin, and 0.1% Triton X-100) supplemented with 

cOmplete protease inhibitor. The supernatant was collected via centrifugation (4300 

rpm, 4 °C, 10 min) and added to ATP-sepharose resin to incubate with rotation at 4 °C 

for 14–16 hr. Following incubation, the mixture was centrifuged to remove unbound 
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proteins and the ATP resin was washed with 9 column volumes of the lysis buffer with 1 

M NaCl followed by 9 column volumes of lysis buffer. The resin was reconstituted as a 

1:1 slurry with buffer and 50 µL/well slurry was pipetted via multichannel to 96-well 

filter plates (Corning #3505) stacked on black 96-well catch plates (Corning #3915). 

Resins were allowed to settle for 15 min at RT prior to the addition of compounds. ATP 

and takinib (55) were added to each plate as positive controls, DMSO was the negative 

control, and DMSO was 5% in each well. Compounds and controls were each added as 

50 μL in buffer and allowed to incubate for 30 min at RT prior to centrifugation (1100 xg, 

RT, 10 min).  

For initial screening, compounds were tested in singlicate at 250 or 500 μM. The 

fluorescence intensity in each well was measured on an EnVision. Binding was 

confirmed by Western blot with rabbit eGFP (CAB4211, Pierce) and secondary Alexa 

Fluor 488® goat anti-rabbit (A-11034, Life Technologies). For the analog study, 

compounds of interest were identified as those binding more strongly to PfPK9 than 

takinib and were confirmed via Western blot. Data analysis was completed in GraphPad 

Prism. Prioritized compounds after the primary screen and analog studies were then 

evaluated in 8-point dose-responses (0–500 μM). Data were fit to a standard nonlinear 

regression in GraphPad Prism to acquire IC50 values. Determined IC50s were used to 

calculate the observed PfPK9 Kd(app) as described previously (63) and are reported as the 

average of two or more biological experiments. 
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2.8.6 Kinase Activity Assays 

Kinase assays were performed in 20 μl reactions in buffer (50 mM Tris, pH 7.5, 

0.1 mM EGTA, 0.1% 2-mercaptoethanol, 10 mM magnesium acetate, 0.5 mM MnCl, 5 

μM ATP containing [γ-32P]ATP, and 1 mM DTT). Assays were allowed to proceed for 3 

hr at RT with 8 μM PfPK9 or HsTAK1-TAB1 and 30 µM PfUBC13 or HsUBC13 after 

initiation with 5 µM ATP. Reactions were stopped with SDS gel loading dye and 

resolved by SDS/PAGE prior to silver-staining and drying. Radiolabeled proteins were 

visualized by autoradiography during three independent experiments. 

2.8.7 K63-linked Ubiquitin Assays  

Synchronized ring-stage P. falciparum 3D7 parasites (10 hr post-reinvasion) at 

10% parasitemia, 1% hematocrit were exposed for 24 hr with either takinib (6-point 

dose-response; 0.001–100 μM), compound 5 (30 μM), HS220 (30 µM), or ≤ 0.1% DMSO. 

Following compound treatment, P. falciparum cultures were harvested and sequentially 

treated with 0.03% saponin lysis buffer to remove host cytosolic proteins and uninfected 

red blood cells followed by sonication in buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 1 

mM EDTA, 0.25% Triton X-100, 0.1% 2-mercaptoethanol, 1 mM benzamidine) containing 

cOmplete protease inhibitor.  

Total protein lysates were heated in SDS loading buffer for 5 min at 80 °C, 

analyzed by SDS-PAGE, and subsequently transferred to nitrocellulose membranes. 

HRP conjugated K63-linkage specific anti-ubiquitin (Abcam ab179434) was used to 
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detect changes in K63-linked protein ubiquitination between DMSO control and 

compound treated samples. Primary mouse anti-actin (Abcam ab3280) and secondary 

Alexa Fluor 488® (A-10680, Life Technologies) were used as a loading control. Primary 

rabbit K48-linkage specific anti-ubiquitin (Abcam ab140601) with secondary Alexa Fluor 

647® (Life Technologies, A32733) was also detected as a control.  

2.8.8 Expression and Purification of Proteins 

Briefly, codon optimized PfPK9 was amplified from a purchased plasmid (Blue 

Heron, pEX-N-GST) using the primers in Table 2 and cloned into pET-21a. The His6-

tagged kinase was expressed in E. coli BL21(DE3) cells using a 16 hr induction at 18 °C 

with 500 μM IPTG after OD600 = 0.6–0.7 (see Chapter 3 for more information on the 

expression and purification of PfPK9). PfUBC13 was amplified from P. falciparum cDNA 

using primers in Table 2 and cloned into pET-21a via BamHI and XhoI. The recombinant 

PfUBC13-His6 was expressed in E. coli BL21(DE3) cells, using a 14 hr induction at 18 °C 

with 100 μM IPTG after OD600 = 0.6. 

Table 2: Primers used for cloning PfPK9 and PfUBC13. 

Primer Sequence 5’—3’ 

PfPK9 Sense GCGCGGATCCATGTACCTGGGCAGTATTAAAAAC 

PfPK9 Antisense GCGCCTCGAGGGATTCTTTATAGTTTTCAAACCAGC 

PfUBC13 Sense GGCCGGATCCATGTCAATACCTAGAAGAATAACAAAAGA

PfUBC13 Antisense CGCGCTCGAGTAAAACATTATTATTTGCATAAATTTTATTC
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Harvested cells containing either PfPK9 or PfUBC13 were lysed by sonication in 

buffer (50 mM NaH2PO4, 300 mM NaCl, 1 mM imidazole, 1 mM Pefabloc SC, 1 mM 

benzamidine, 5% glycerol, and 0.035% 2-mercaptoethanol) with cOmplete protease 

inhibitor. The supernatant was cleared by centrifugation (4300 rpm, 4 °C, 1.5 hr). 

Purification was completed via a low-pressure column of Ni-NTA agarose (Qiagen) for 

PfPK9 and by batch-binding overnight on Ni-NTA agarose at 4 °C with rotation for 

PfUBC13. Elutions were completed with gradients of 10–150 mM imidazole. PfPK9 

elutions from Ni-NTA were further purified by anion exchange (HQ10, Applied 

Biosystems). As a final step, both PfPK9 and PfUBC13 samples were separated size-

exclusion chromatography (HiLoad 16/600 Superdex column, GE Healthcare). Proteins 

were detected by anti-His Western blot and both PfPK9 and PfUBC13 were purified to 

>95% homogeneity, as assessed by SDS-PAGE. Protein identities were confirmed by 

MALDI.  

A pGEX6 plasmid containing Homo sapien UBE2N (HsUBC13) was received as a 

gift from Dr. Wei Xiao at the University of Saskatchewan. This GST-tagged protein was 

expressed in E. coli BL21(DE3) cells, using a previously reported protocol (66). Harvested 

cells were lysed in buffer (40 mM HEPES, pH 7.4, 300 mM NaCl, 5% glycerol, 1 mM 

Pefabloc SC, 1 mM benzamidine, and 0.035% 2-mercaptoethanol) supplemented with 

cOmpleted protease inhibitor. Supernatant was cleared by centrifugation (4300 rpm, 4 

°C, 1.5 hr). Protein was batch-bound to glutathione-sepharose 4B resin (GE Healthcare) 
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with rotation at 4 °C overnight. The resin was washed with 20 column volumes of the 

lysis buffer prior to cleavage overnight with 80 µL PreScission Protease (GE Healthcare). 

Further purification was completed by size-exclusion chromatography (HiLoad 16/600 

Superdex column, GE Healthcare) in buffer (50 mM triethanolamine, 300 mM NaCl, 5% 

glycerol, and 1 mM DTT). Protein was detected by anti-GST Western blot and HsUBC13 

was purified to ≥98% homogeneity, as assessed by SDS-PAGE. Protein identity was 

confirmed by MALDI. 
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3. Structural Exploration of PfPK9 

3.1 Optimization of PfPK9 Expression 

To further explore the structure of PfPK9, many attempts to express and purify a 

large quantity of PfPK9 for X-ray crystallography were made. First, we purchased the 

codon optimized gene for PfPK9 in pEX-N-GST (Blue Heron) to reduce the number of 

rare codons used and increase the likelihood of obtaining high yields of soluble and 

active kinase. For expression, multiple cloning vectors, varying growth conditions, and 

many induction conditions were utilized (Table 3). 

In initial tests, E. coli BL21(DE3) and E. coli BL21-CodonPlus (DE3) cells were 

each used for expressions. However, no advantage was observed using the CodonPlus 

cells, so efforts were focused on using E. coli BL21(DE3). After E. coli BL21(DE3) cells 

were transformed and plated on LB plates containing ampicillin, it was determined that 

expression yield from the colonies declined rapidly with time. Freezing cell stocks 

immediately after transformation and re-plating frequently (every 4-5 days) was 

attempted to mitigate this limitation, but was also unsuccessful for retaining expression 

yield. Therefore, for all purification attempts, fresh transformants (within 3 days of 

plating) were used to express the protein.  



 

57 

Table 3: PfPK9 Expression Attempts 

Vector Growth 

(media/°C) 

OD600 [IPTG]  

(mM) 

Induction 

(°C) 

Times (hr) Achieved 

Expressiona 

pEX-N-GST LB, 30 0.6 0.01 18 2, 4, 16 no 

   0.1  2, 4, 16 no 

   0.5  14, 16 moderateb 

  0.8 0.1 18 2, 4, 6, 20 no 

   0.5   low 

  1.0 0.5 18 14 moderate 

  0.4 0.01 18 2, 4, 16, 24, 40 no 

   0.1   moderate 

   0.5   moderate 

   1   highb 

 LB, 37 0.4 0.5 18 4 low 

 TB, 30 0.4 0.01 18 2, 4, 16, 24, 40 no 

   0.1   highb 

   0.5   highb 

   1   highb 

pET-21a LB, 30 0.6 0.5 18 16 low 

 LB, 37 0.8 0.1 18 16 highb 

   0.5   highb 

  0.6-0.7 0.5 18 16 high 

aExpression levels evaluated visually relative to protein marker with anti-GST or anti-
His Western blot. bExpressions of full-length PfPK9 that resulted in equal or greater 

quantity of truncations. 
 

It should also be noted that when terrific broth (TB) was used for expression, 

yields were much higher. However, the yield of truncated forms of PfPK9 and 
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endogenous proteins was also significantly higher, hindering purification processes 

downstream, so LB media was utilized to obtain maximum full-length PfPK9 without 

increasing truncations and background protein levels. Furthermore, a trend was 

observed when 1 mM IPTG was used to induce protein expression no matter what other 

conditions were used—the overall yield increased at all time points, but the portion of 

soluble protein was significantly decreased.  

Finally, it was also discovered that the outgrowth for the expression must be fast 

(37 °C) and then induced at a moderate concentration of IPTG (0.5 mM) in order to 

obtain high levels of expression and prevent truncations. The best expression conditions 

for PfPK9 were obtained with the pET-21a vector containing a C-terminal His6-tag in E. 

coli BL21(DE3), grown at 37 °C until the OD600 = 0.6-0.7, and induced with 0.5 mM IPTG 

for 16 hr at 18 °C. With this expression vector and these conditions, higher yields of full-

length PfPK9 were more readily achieved with much fewer truncations present.  

3.2 Optimization of PfPK9 Purification 

In order to find optimal purification conditions, pellets containing PfPK9 from 

any conditions that yielded moderate or higher levels of full-length kinase were used. 

Attempts to purify these various expression samples were made with affinity resins and 

varying flow/binding techniques (Table 4). Following initial affinity purifications, 

various combinations with anion exchange and size-exclusion columns were evaluated 

to finalize purification. 
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Table 4: PfPK9 Purification Attempts  

Columns 
Special 

Conditions 

Achieved 

Enrichment (%)a 

Glutathione 4B GE Healthcare 
UPLC  

n/a 0 

 Glutathione 4B GE Healthcare 
Gravity Flow 

300 mM NaCl 30 

 500 mM NaCl 40 

Glutathione 4B GE Healthcare 
Batch-binding 

300 mM NaCl 50 

 10% glycerol 50 

Glutathione BioRad Gravity 
Flow 

n/a < 10 

Ni-NTA Flow n/a ≥75 

Ni-NTA Batch-binding n/a 50 

 10% glycerol 60 

Talon Cobalt Batch-binding n/a 30 

ATP sepharose Batch-binding 1 M NaCl wash ≥ 98b 

aEnrichment assessed visually by Coomassie stained SDS-PAGE. bResidual ATP from 
elution was difficult to fully remove and interfered with assays downstream. 

 
The best purification conditions were obtained with protein expressed in the 

pET-21a vector. When binding to ATP sepharose resin, washing with buffer containing 

1M NaCl, and eluting with 200 mM free ATP, the PfPK9 was ≥ 98% pure. However, the 

downstream assays we planned to use to examine the activity of the kinase are sensitive 

to low concentrations of ATP binding and we could not be confident that all of the ATP 

from the PfPK9 was removed due to the high concentrations required for elution, so this 

purification method was not used. When the protein was first purified by Ni-NTA 

affinity resin using a low-pressure flow, the enrichment of full-length PfPK9 was ≥75%. 
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Following the Ni-NTA column by anion exchange and size exclusion chromatography 

resulted in small amounts of PfPK9 with ≥ 95% purity, as assessed by SDS-PAGE. To 

confirm the protein identity, the band was excised and analyzed with MALDI-TOF/TOF. 

3.3 PfPK9 Mutagenesis Reveals Important Residues for Binding 

3.3.1 Attempts to Obtain PfPK9 Structure by X-ray Crystallography  

Crystallography trays were set up with the aid of the Duke Crystallography Core 

using optimized conditions for small quantities (~1–2 µg) of pure protein. Four initial 96-

well screens from the Joint Center for Structural Genomics (JCSG Suites I–IV) were used 

in preliminary X-ray crystallography studies since these have a wide array of conditions. 

These first screens were completed using 100 μL of 4–6 mg/mL PfPK9 using a Douglas 

Oryx4 and Crystal Phoenix robotics. After setting up all four trays in 4 independent 

experiments, each crystal observed and diffracted was salt from the buffers. No evidence 

of a protein crystal was observed. Thus, it was determined that the quantity of protein 

obtained was insufficient to obtain crystals for elucidation.  

3.3.2 Generation of a PfPK9 Homology Model   

In lieu of a crystal structure, an unbiased homology model of PfPK9 was built 

using the iTASSER server (Figure 26A). The iTASSER server threads models in an 

unbiased fashion from multiple other structures by independently determining primary 

and secondary motifs and then searching for the most similar hits in the PDB. Five 

potential models are generated and given a confidence score (C-score), which usually 
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ranges from -5 to 2, with 2 being the most confident. In the generation of the top PfPK9 

model, the C-score was -0.18 and overall, suggests the model should be relatively 

accurate. The top five protein structures used from the PDB were 6C9D, 4CZT, 3I6U, 

4TNB, and 4CZU. These correspond to HsMARK1, A. thaliana CIPK23, HsCHK2, 

HsGRK5, and a mutant of A. thaliana CIPK3, respectively. These are all very different in 

function, but the thing they have in common is that they are all kinases. Interestingly, 

HsTAK1 (PDB 5V5N, Figure 26B) was not used as a hit for the threading algorithm at all. 

However, the homology model indicated a strong similarity to HsTAK1. 

 

Figure 26: Comparison of PfPK9 and HsTAK1. A) Unbiased homology model 

of PfPK9 generated using iTASSER (75). B) Crystal structure of HsTAK1 (PDB 5V5N) 

with takinib bound to the active site.   
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Aside from one disordered/loop region of PfPK9, the remainder of the model 

aligns tightly to the structure of HsTAK1. Furthermore, in an overlay of the PfPK9 model 

with the structure of HsTAK1, every beta sheet and alpha helix except one (in the 

disordered region) in HsTAK1 appears to be mimicked in PfPK9. Using the homology 

model, the HsTAK1 crystal structure with takinib bound, and sequence alignments, 

several PfPK9 active site mutants were designed for mutagenesis to better understand 

the similarities and differences between the HsTAK1 and PfPK9 binding sites. 

3.4 Mutagenesis of PfPK9 ATP-Binding Pocket Residues 

3.4.1 Choosing Residues for Mutation   

In the HsTAK1 structure with takinib, which was resolved to 2.0 Å (55), key 

interactions were made between Val 42, Tyr 106, Lys 63, Asp 175, Gly 110, Ala107 and 

the small molecule inhibitor. Each of these residues aligns to a conserved residue in 

PfPK9 and was in the general ATP-binding pocket of the homology model. Therefore, to 

determine their effects on takinib binding to PfPK9, alanine mutants were designed for 

Ile 113, Tyr 186, Lys136, and Asp 250, which correspond to Val 42, Tyr 106, Lys 63, and 

Asp 175 in HsTAK1, respectively.  

It was hypothesized that each of these mutations would reduce takinib binding 

in PfPK9 due to their conservation between PfPK9 and HsTAK1 and the prediction that 

these two kinases have a high degree of similarity. However, because the binding 

affinity of takinib is approximately 50-fold higher to HsTAK1 than to PfPK9, it is 
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possible that some of these conserved residues that play a key role in takinib binding to 

HsTAK1 may not be able to form interactions in PfPK9 during takinib binding events. 

Additionally, takinib binds HsTAK1 in the ATP-binding site and it was determined via 

the ATP-competition binding assay that it also competes for this site in PfPK9.  These 

findings suggest that the residues important for takinib binding have a high probability 

of also having key interactions with ATP. Determining which residues are critical for 

PfPK9 binding of both takinib and ATP by mutation may help inform on the landscape 

in the PfPK9 binding pocket and how it differs from HsTAK1.  

3.4.2 Optimization of ATP-Binding Assay using PfPK9 in E. coli Cells   

For the primary PfPK9 ATP-binding screen, protein was expressed in HEK293T 

cells. Due to the low expression of the kinase, the experiments required extremely large 

quantities of cells (250 million/plate), necessitating a high cost and time of culturing the 

mammalian cells. These challenges limit the application of this method for mutagenesis 

studies. Therefore, to make the ATP-competitive assay more efficient for generating 

mutants and to decrease both the materials and time required to obtained overexpressed 

PfPK9, the protocol was optimized for use with E. coli BL21(DE3). Although expression 

conditions viable for large scale purification were not achieved, the yields of kinase 

produced in bacterial lysates under optimal conditions were sufficient for the binding 

assay as purification is not required for this experiment. Thus, GFP-PfPK9 was cloned 
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from the mammalian pEGFP-C1 vector into pET-21a and expression conditions were 

kept identical to those optimized for PfPK9. 

With this expression system, the GFP signal, and therefore the quantity of PfPK9, 

detected in 50 mL of bacterial lysate was approximately 6-fold higher than the signal 

detected with overexpression in 30 mL HEK293T cells. Additionally, anti-GFP Western 

blot was used to confirm the fusion protein was expressed in E.coli with limited 

proteolysis. To validate that binding of compounds to PfPK9 was similar with these new 

conditions, the method was first used to determine Kd(app) values for ATP, takinib, and 

HS220 for comparison with results obtained using mammalian cell lysates.  

Using E. coli BL21(DE3) cells overexpressing PfPK9, ATP was determined to bind 

with a Kd(app) of 0.10 ± 0.01 mM (Figure 27A), compared to 0.38 mM determined in the 

mammalian cell-based binding assay (Figure 6). These values are within the same range 

for ATP binding of kinases. Importantly, takinib was previously found to have a Kd(app) of 

0.46 ± 0.10 µM for PfPK9 in HEK293T cells (Figure 10), and using this bacterial 

expression method it was 0.79 ± 0.19 µM (Figure 27B). This indicates that the newly 

optimized bacterial expression and binding assay yields similar binding affinities to 

those when the kinase is overexpressed in mammalian cells. 
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Figure 27: Validation of ATP-competitive binding assay using bacterial cell 

lysates. GFP-PfPK9 binds A) ATP (Kd(app) of 0.10 ± 0.01 mM) B) Takinib (Kd(app) of 0.79 ± 

0.19 µM), and C) HS220 (Kd(app) of 1.1 ± 0.16 µM).  Representative binding curves 

shown as mean ± SEM (n = 2–3). 

Additionally, HS220 had a Kd(app) of 1.1 ± 0.16 µM to PfPK9 using bacterial cells 

(Figure 27C), and previously it was determined to be 4.1 ± 0.80 µM in HEK293T cells 

(Figure 20C), further confirming the assays agree. In fact, the value determined with the 

E.coli lysate is likely more accurate, as the assay signal was not able to be saturated 

during assays with mammalian cells. Therefore, it is believed that the Kd(app) determined 

using PfPK9 overexpressed in bacterial cells provides faster, cheaper, and more reliable 

data when compared to results obtained with the previously described HEK293T cells. 

3.4.3 ATP-Binding Assay with PfPK9 Active-Site Mutants   

To date, only one of the desired PfPK9 mutants has been successfully obtained 

via cloning methods (I113A). The difficulty in acquiring the other mutants is expected 

due to initial complications in cloning WT PfPK9. During past attempts to clone the 

codon optimized sequence into other expression vectors, the WT amplification was only 
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achieved with one of many polymerases — LongAmp Taq. Unfortunately, due to the 

high fidelity required for QuikChange, PfuUltra is utilized in the kit. It is anticipated 

that future attempts to obtain the PfPK9 mutants may be more successful using 

LongAmp Taq Polymerase, while keeping the number of amplification cycles low to 

prevent excessive mutations. 

 

Figure 28: PfPK9 I113A mutant binds A) ATP (Kd(app) 1.4 mM) and B) takinib 

(Kd(app) of 0.91 µM). Data shown as mean ± SEM from duplicates (n = 1). C) PfPK9 

I113A decreases ATP binding affinity by 14-fold relative WT, while takinib affinity is 

not affected.  

Using the competitive ATP binding assay with bacterial cell lysates 

overexpressing PfPK9 I113A, it was determined that the Kd(app) for ATP is 1.4 mM (Figure 

28A). Compared with the WT kinase Kd(app) for ATP (0.10 ± 0.01 mM) that was 

determined using this bacterial cell-based assay, mutating PfPK9 Ile113 to alanine 

caused an approximately 14-fold decrease in binding affinity to the native ligand (Figure 

28C). Interestingly, the Kd(app) of PfPK9 I113A for takinib is 0.91 µM (Figure 28B), did not 

significantly change compared to the PfPK9 WT Kd(app), which was 0.79 ± 0.19 µM (Figure 

28C). While this experiment has yet to be repeated for additional biological replicates, 
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these will be obtained in the near future to ascertain the true importance of this 

mutation. 

Certainly, the negative effects of the mutation on ATP binding suggests that 

Ile113 in PfPK9 is important for binding interactions, however this particular residue 

may not play a large role in takinib binding to PfPK9. This residue corresponds to Val42 

in HsTAK1, which was found to be critical for stabilizing the benzimidazole of takinib 

for binding in the crystal structure (55) and a potential difference between this residues 

importance in takinib binding between the kinases may begin to reveal more about the 

landscape in the PfPK9 binding site. It will be interesting to determine the effects of the 

other mutants on PfPK9-inhibitor binding, including takinib and HS220, once they have 

been obtained as well, to determine which are residues are most important. 

3.5 Materials and Methods   

3.5.1 X-ray Crystallography 

PfPK9 was overexpressed in E. coli BL21(DE3) as described above (Section 3.9.8). 

Four initial 96-well screens from the Joint Center for Structural Genomics (JCSG Suites I-

IV) were used in preliminary X-ray crystallography studies. These first screens were 

completed using 100 μL of 4-6 mg/mL PfPK9 using a Douglas Oryx4 and Crystal 

Phoenix robotics. Trays were manually examined for crystal growth every day for the 

first week and then weekly for a month. After the first month, trays were monitored 

using robotics in the facility monthly for an additional 2–3 months. Possible crystal 
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formations were examined with microscopes using both white light and polarized 

filters, focusing on crystals with uniform shape, smooth edges, and polarizability. These 

were pulled from the tray and immersed in a cryo solution compatible with the screen 

condition, flash frozen in liquid nitrogen, and diffracted on the Rigaku 007-HF X-ray 

source. All examined crystals were determined to be salt after diffraction due to the low 

quantity of protein available.  

3.5.2 Generation of PfPK9 Homology Model 

A homology model of PfPK9 was constructed on the iTASSER server. The 

sequence of the predicted active region was submitted and five modesl were generated. 

The top model had a C-score of -0.18 (range -5 to 2, 2 being most confident). The top five 

proteins with similar primary and secondary characteristics in the PDB used for the 

threading algorithm were 6C9D, 4CZT, 3I6U, 4TNB, and 4CZU. The model with the 

highest threading C-score was used for analysis of predicted residue positions and 

visualizations were prepared in PYMOL.   

3.5.3 ATP-Competitive Binding Assay in Bacterial Cells 

GFP-PfPK9 was sub-cloned from the mammalian pEGFP-C1 expression vector 

into pET-21a for bacterial expression. Insertion of the fused gene product into pET-21a 

was verified by sequencing (Eton Biosciences). GFP-PfPK9 overexpressed in E. coli 

BL21(DE3) in 50 mL LB media at 37 °C followed by induction at 18 °C with 0.5 mM IPTG 

for 16 hr when the culture reached OD600 =0.6-0.7. Cells were pelleted by centrifugation 



 

69 

(4300 rpm, 4°C, 10 min) and resuspended in buffer containing 25 mM HEPES, pH 7.4, 

150 mM NaCl, 60 mM MgCl2, 1 mM DTT, 0.1% Triton X-100, lysozyme, and cOmplete 

protease inhibitor. Cells were lysed by sonication and the supernatant was cleared by 

centrifugation (4300 rpm, 4 °C, 10 min). The supernatant was bound to ATP-sepharose 

resin overnight at 4 °C with rotation. Following incubation, the mixture was centrifuged 

to remove unbound proteins and the ATP resin was washed with 9 column volumes of 

the lysis buffer containing 1 M NaCl followed by 9 column volumes of lysis buffer. The 

resin was reconstituted as a 1:1 slurry with buffer and 50 µL/well slurry was pipetted via 

multichannel to 96-well filter plates (Corning #3505) stacked on black 96-well catch 

plates (Corning #3915). Resins were allowed to settle for 15 min at RT prior to the 

addition of compounds. ATP (0–200 mM), takinib (0–500 µM), and HS220 (0–500 µM) 

were added as 50 µL in buffer and allowed to incubate for 30 min at RT prior to 

centrifugation (1100 xg, RT, 10 min). DMSO was the negative control and DMSO was 5% 

in each well. The fluorescence intensity in each well was measured on an EnVision. Data 

were fit to a standard nonlinear regression in GraphPad Prism to acquire IC50 values, 

which were used to calculate the observed PfPK9 Kd(app) as described previously (63). 

Data are reported as the average of two or more biological experiments. 

3.5.4 Active Site Mutagenesis 

Primers were designed for alanine mutants of PfPK9 residues I113, Y186, K136, 

and D250 for use with the QuikChange XL site-directed mutagenesis kit (Agilent). 
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Mutagenesis protocols were carried out according to the manufacturer’s instructions 

and utilizing the primers in Table 5 and GFP-PfPK9 WT kinase in the pET-21a 

expression vector.  

Table 5: PfPK9 active site mutagenesis primers for QuikChange 

 Sequences 5’  3’ 

I113A Sense 
CCAAATCCACCAGAACCTGCTCTCTTTTCTACTATATA

ATCGTTTAC 

I113A Antisense 
GTAAACGATTATATAGTAGAAAAGAGAGCAGGTTCT

GGTGGATTTGG 

Y186A Sense 
CTAAAAAATTACTCTTAGGAATAAATGCTAATGCTAC

CTTTTGTTTTG 

Y186A Antisense 
CAAAACAAAAGGTAGCATTAGCATTTATTCCTAAGAG

TAATTTTTTAG 

K136A Sense 
CTCCATTTATTGCAGCTTCCATTATTAAGCATACATAA

TTCTG 

K136A Antisense 
CAGAATTATGTATGCTTAATAATGGAAGCTGCAATAA

ATGGAG 

D250A Sense 
CAAAATCTGATAATCCAAAAGCAGCTATTTTACATGT

C 

D250A Antisense GACATGTAAAATAGCTGCTTTTGGATTATCAGATTTTG 

 

Colonies were obtained for the I113A mutant and the base substitutions were 

verified by sequencing (Eton Biosciences). The I113A mutant DNA was transformed into 

E. coli BL21(DE3). PfPK9 I113A was expressed with conditions identical to WT GFP-

PfPK9 and binding assays were also completed identical to WT GFP-PfPK9 (described in 

3.5.3). 
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4. Mass Spectrometry Approaches to Uncover PfPK9 
Biology 

4.1 Background 

Mass spectrometry is a powerful tool to resolve complex biological problems. 

During the last few decades, countless methods have been developed for studies with 

biological applications and have had a large impact on the advancement of healthcare, 

pharmaceutical development, and academic research. This robust technology has 

enabled the isolation and characterization of metabolites, and the identification of drug 

targets, post-translational modifications, and protein-protein interactions (76, 77). 

Additionally, methods have emerged for the quantification of metabolites and proteins 

using isobaric tags in complex samples (78-80). While these technologies have been 

readily applied to studies of model mammalian systems, many challenges exist when 

applying previously developed methods to parasitic organisms such as Plasmodium. 

Because Plasmodium is an obligate intracellular organism with a low infection rate in the 

current model system (~0.5% for hepatocytes and <10% for erythrocytes), small 

molecules and proteins within the parasite are often masked by the abundance of host 

molecules and proteins. However, protocols exist to enrich for P. falciparum parasites 

from the host blood cell, which has provided a system to apply innovative mass 

spectrometry-based technologies to probe the biology of malaria parasites.    
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4.2 Identification of PfPK9 Binding Partners 

4.2.1 Pull Downs Using P. berghei Liver Stage Parasites 

As a method to determine downstream targets of PfPK9 in cells, binding studies 

between overexpressed PfPK9 and sporozoite (liver stage parasite) lysate were 

completed. To date, few proteomic studies have been completed on Plasmodium 

sporozoites, likely due to the fact that they can only be acquired from the dissection of 

live Plasmodium-infected mosquitoes. Approximately 2.5 million P. berghei ANKA 

sporozoites (~250 mosquitoes) for each replicate were lysed gently with a detergent-

based buffer containing protease inhibitor. To prevent protein degradation, this sample 

was incubated on ice for an hour. It was determined that the best lysis was achieved by 

rotating at 4 °C for 1 hr following the incubation on ice. Enriched GST-PfPK9 (bait) was 

pre-bound to glutathione resin prior to incubation with the sporozoite lysate. This 

method was designed such that any parasite proteins that bind strongly to PfPK9 should 

be captured by the glutathione-GST-PfPK9 complex. Once the supernatant was 

removed, the proteins remaining on the resin were washed to remove non-specific or 

weakly bound proteins and the proteins still bound to the PfPK9 bait on the resin were 

eluted with glutathione two times (elution 1 and 2) and resolved by SDS-PAGE  (for 

more experimental details see Sections 4.4.2 and 4.4.4.). To illuminate the low yields of 

binding proteins, the gel was silver stained revealing several proteins of varying 

molecular weights that were bound to PfPK9 (Figure 29).  
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Figure 29: Potential PfPK9 binding partners from P. berghei sporozoites. Silver 

stained SDS-PAGE displays proteins pulled down by PfPK9. Lane 1: BenchMark 

protein ladder, Lane 2–3: glutathione elutions 1 and 2. B) MALDI-TOF/TOF revealed 3 

PfPK9-binding candidates (n = 2) all with 99% confidence. None of the detected 

peptides were identified in both replicates. 

After excising all bands from the elutions and subjecting them to MALDI-

TOF/TOF the PfPK9 bait was identified along with three additional proteins. Only 1 

peptide was identified for each, but each were assigned with 99% confidence. These 

three proteins were an uncharacterized putative protein, putative ubiquinol-cytochrome 

C reductase complex, and putative NADPH-dependent glutamate synthase. Due to the 

low number of identified proteins and putative nature of each, future experiments 

should be completed with higher numbers of sporozoites. Unfortunately, we have yet to 

obtain enough mosquitoes for additional experiments, therefore efforts were focused on 

using blood stage Plasmodium parasites to investigate PfPK9 targets. Blood stage 

parasites can be cultured continuously in red blood cells in the lab, thus larger quantities 

of total protein can be obtained.  
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4.2.2 Pull Downs Using P. falciparum Blood Stage Parasites  

Briefly, P. falciparum 3D7 parasites in the ring stage were isolated from red blood 

cells (cultured by Kuan-Yi Lu) and parasite membranes were lysed by sonication. This 

lysate (1 mg total parasite proteins) was incubated with glutathione resin that was pre-

bound with partially enriched GST-PfPK9. After incubation, the resin was separated 

from the supernatant via centrifugation and washed to remove non-specific or weak 

interactions. Any proteins still bound to the glutathione resin were specifically eluted 

with glutathione two times (elution 1 and 2) and resolved by SDS-PAGE (for more 

experimental details see Sections 4.4.3 and 4.4.4.). Silver staining revealed a greater 

abundance of proteins were bound to PfPK9 when compared to experiments that 

utilized Plasmodium sporozoites (Figure 30A). 

An additional pull-down with blood stage parasites was completed with an 

identical procedure. After excising each of the bands from the elutions of both 

independent experiments, MALDI-TOF/TOF was completed (Figure 30B). In total, from 

the two experiments 24 proteins were identified as potential PfPK9 binders, and PfPK9 

bait was identified. Interestingly, 13 of these proteins are uncharacterized proteins, 

making functional validation of these potential binding partners challenging. To focus 

efforts on a select number of proteins for validation studies, those with predicted 

functions that were identified in both independent experiments were selected. This 
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threshold provided five potential hits, including Hsp90, Hsp70, DnaK chaperone 

(Hsp40), enolase, and histone H2A.  

 

Figure 30: Potential PfPK9 binding partners from P. falciparum 3D7 parasites. 

A) Representative silver stained SDS-PAGE shows proteins pulled down by PfPK9. 

Lane 1: elution 1, Lane 2: elution 2. B) MALDI-TOF/TOF revealed 24 P. falciparum 

proteins that potentially bind PfPK9 (n = 2). Five were identified both independent 

experiments (red asterisks) and were prioritized. 

From these proteins, enolase was the most intriguing hit for two reasons; 1) its 

involvement in carbohydrate metabolism for cell growth and development and 2) the 

fact that it is the penultimate enzyme in glycolysis. Given the interesting result that 

parasite size is stimulated by the PfPK9 inhibitor takinib, it was hypothesized that P. 

falciparum enolase (Pfeno) may be a downstream target of PfPK9 phosphorylation that 

could modulate parasite growth. Additionally, the penultimate enzyme in metabolic 
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pathways are often highly regulated by post-translational modifications such as 

phosphorylation. Therefore, Pfeno was selected for validation studies. 

4.2.3 Expression and Purification of Pfeno 

Pfeno was amplified from P. falciparum cDNA and inserted into the pET-21a 

bacterial expression vector (with Rechel Geiger). Test expressions revealed that the best 

expression conditions for Pfeno-His6 were when E. coli BL21(DE3) cells were grown in 

LB media at 30 °C until the OD600 = 0.7 and then expression was induced with 0.2 mM 

IPTG at 18 °C for 19 hrs. Protein was detected by anti-His Western blot at 52 kDa (Figure 

31). These conditions were scaled up to 1 L to obtain enough protein for purification. Ni-

NTA resin was used to batch-bind lysate with overexpressed Pfeno overnight at 4 °C 

and then protein was eluted with increasing concentrations (20–150 mM) of imidazole 

(for more experimental details see Section 4.4.5). Purification yielded milligrams of Pfeno 

with >98% purity as assessed by SDS-PAGE. 

 

Figure 31: Purified Pfeno (52 kDa) was detected by anti-His Western blot (left) 

and assessed to be >98% pure by SDS-PAGE (right). Lane 1: BenchMark, Lane 2: 

Pfeno eluted from Ni affinity resin.  
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4.2.4 Proposed Methods for Validation of Pfeno as PfPK9 Substrate 

A direct method to measure protein binding such as isothermal titration 

calorimetry (ITC) or surface plasmon resonance (SPR) would be ideal to validate the 

binding of Pfeno to PfPK9, but these experiments are currently not possible due to the 

limited quantity of pure PfPK9 that can be achieved. Co-immunoprecipitation is an 

alternative method that could be completed using overexpressed lysates. It is envisioned 

that this can be completed two ways to increase confidence in binding: 1) with Pfeno-

His6 as the bait and lysate of overexpressed PfPK9 or 2) with GST-PfPK9 as the bait and 

overexpressed Pfeno in lysate. For the first method, Pfeno-His6 can be bound to Ni-NTA 

agarose and washed to remove non-specific binders. Then PfPK9 in lysate can be 

washed over to capture any proteins with the ability to bind Pfeno. An elution with 

imidazole would then reveal specific binding partners, hopefully including PfPK9 to 

validate it as a binding partner of Pfeno. Likewise, for the second method, partially 

enriched GST-PfPK9 can be bound to glutathione resin and washed to remove non-

specific binders. Then cell lysate containing overexpressed Pfeno can be incubated to 

capture proteins that are able to bind PfPK9. An elution with increasing concentrations 

of glutathione can then reveal specific binding partners, which would include Pfeno if it 

is indeed a binding partner of PfPK9. 

An additional method that could be used to validate that Pfeno is a substrate 

target of PfPK9 would be an in vitro radioactivity assay using [γ-32P]ATP. PfPK9 is a 
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serine/threonine protein kinase that phosphorylates target proteins via ATP. In this 

assay, PfPK9 would be preincubated with the radiolabeled ATP and then incubated with 

Pfeno prior to separation via SDS-PAGE. Exposure to film would indicate whether there 

is one protein or two proteins modified by radiolabeled phosphate. It is expected that a 

band corresponding to PfPK9 would be detected due to autophosphorylation, and then 

a second band at 52 kDa would be detected for Pfeno if it is able to be a substrate of 

PfPK9.  

4.3 Identification of K63-linked Ubiquitin Targets Affected by 
Takinib 

To determine which proteins with K63-linked ubiquitin are affected by takinib 

treatment, attempts were made to enrich blood stage parasite samples after treatment.  

P. falciparum 3D7 parasites (ring stage) were treated with 30 µM takinib or DMSO for 24 

hrs (cultured by Kuan-Yi) and then separated from the red blood cells. The remaining 

parasites were lysed by sonication (1 mg protein for each sample) and K-63 linkage 

specific anti-ubiquitin (20 µg) was added to the lysates to bind to any proteins with the 

post-translational modification. To ensure complete binding, the antibody was 

incubated with the parasite lysates overnight with gentle rotation at 4 °C. Following 

incubation, to remove the protein targets bound to K63-linked anti-ubiquitin from the 

lysate, protein G agarose resin was used to secure the antibody bound targets. The 

samples were centrifuged and the resin was washed to remove non-specific proteins or 

weakly bound targets. Analysis of the final proteins bound to the protein G agarose was 
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completed by boiling the samples with SDS gel-loading dye two times and resolving the 

elutions by SDS-PAGE (for more experimental details see Section 4.4.6). K63-linked 

ubiquitin targets were detected via Western blot with K63-linkage specific anti-ubiquitin 

(Figure 32).  

 

Figure 32: K63-linked ubiquitin targets in P. falciparum 3D7. K63-linked anti-

ubiquitin was added to lysates from DMSO and takinib (30 µM) treated parasites for 

enrichment. Lane 1/3: elutions from DMSO-treated parasites, 2/4: elutions from 

takinib-treated parasites. The two major bands detected by Western blot (left) and 

SDS-PAGE (right) are the heavy/light antibody chains. One other band was detected 

via Western blot, but was not visible on the Coomassie stained gel so it was not 

excised for MALDI.  

The major bands detected were the two expected K63-linked anti-ubiquitin 

heavy/light chains in both the DMSO- and takinib-treated samples. After repeating with 

5x more K63-linkage specific anti-ubiquitin (100 µg) for the enrichment, the same results 

were observed. There was an additional band detected on the Western blot with K63-

linked anti-ubiquitin, however this band was not visible on the SDS-PAGE so it could 

not be excised for identification by MALDI. These results indicate that sufficient 
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quantities of the antibody are present for capture and that it does bind the protein G 

beads well enough for enrichment. However, these results suggest that more total 

protein is necessary (~10x), likely because the proteins of interest are of low abundance 

in the parasite lysates. Future attempts to identify these protein targets modified by K63-

linked ubiquitin the optimization of protocols for low cell numbers and increasing the 

quantity of parasite lysate used for the enrichment will be critical.  

4.4 Evaluation of On-Target Binding by Takinib 

4.4.1 Takinib-Sepharose Resin Pull Down 

To evaluate whether takinib was binding PfPK9 in cells, a pull-down experiment 

with takinib was completed in blood stage parasite lysate and GFP-PfPK9-HEK293T 

lysate. Takinib was covalently linked to a sepharose resin via a sizable and cleavable 

linker by Philip Hughes in the Haystead lab at Duke University (Figure 33). 

 

Figure 33: Takinib-sepharose resin with cleavable linker. 

Briefly, the resin was incubated with P. falciparum 3D7 blood stage parasite lysate 

(100 mg total protein) or HEK293T lysate (300 mg total protein) containing 
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overexpressed GFP-PfPK9 overnight at 4 °C with gentle rotation. Following extensive 

washes to remove non-specific or weakly bound proteins, the resin was cleaved with the 

reducing agent sodium dithionite. To remove all possible binding partners, the cleavage 

was carried out four times for each lysate at 4 °C for 30-60 min each (for more 

experimental details see Section 4.4.7). Each elution sample was resolved by SDS-PAGE 

and then silver stained to detect proteins (Figure 34). 

 

Figure 34: Proteins bound to takinib-linked sepharose using P. falciparum 3D7 

blood stage parasite lysate and HEK293T lysate overexpressing GFP-PfPK9. Samples 

were resolved by SDS-PAGE and silver stained. Visible bands were excised for 

MALDI-TOF/TOF for identification.  

Visible bands were excised for identification via MALDI-TOF/TOF, however no 

Plasmodium protein identifications were made during the analysis, indicating neither 

PfPK9 endogenously produced in parasites nor PfPK9 overexpressed in cell culture 

bound to the takinib resin. Future attempts to pull down PfPK9 from these lysates 



 

82 

would include more total protein material, especially given the low abundance of PfPK9 

expressed in blood stage parasites and the low expression achieved in mammalian cells. 

These experiments were also conducted prior to the cloning and optimization of GFP-

PfPK9 expression in bacterial cells, which yields significantly more protein. Thus, the 

bacterial expression system may be a more fruitful approach for future attempts to pull 

down PfPK9 from cells to validate on-target binding of takinib.  

4.4.2 Cellular Thermal Shift Assay (CETSA) with Takinib  

 Pilot Study 1: As an alternate method to validate on-target binding of PfPK9 in 

cells, several attempts to optimize a cellular thermal shift assay (CETSA) (81-83) for use 

with Plasmodium samples were completed. This method uses thermal proteome profiling 

to detect changes in protein thermal stability upon binding of a ligand with quantitative 

mass spectrometry. A baseline thermal profile is established with an untreated sample 

using isobaric tandem mass tags and then any shift in thermal stability of a peptide is 

attributed to the increased stability of the peptides parent protein after a binding event. 

An attractive feature of this assay is that it can evaluate compound binding in live cells, 

rather than lysates. Cells are treated with a drug, exposed to different temperatures in a 

thermocycler, and then frozen rapidly in liquid nitrogen to preserve proteins in their 

state before cell lysis. Drug target identification remains one of the most difficult aspects 

of drug discovery and few methods exist to identify Plasmodium drug targets, making 
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this method highly impactful to anti-parasite research if it can be successfully applied to 

Plasmodium.  

After consulting with the Duke Proteomics Core, a pilot study was completed to 

identify the possible PfPK9 peptides that may be detected in parasite lysate by digesting 

pure protein (1.5 µg). The mass spectrometer used (Q-Exactive) can detect peptides from 

as little as 0.5 µg of loaded protein sample.  Therefore, 1.5 µg PfPK9 was digested 

overnight and subsequently labeled with the isobaric TMT0 tag (with Hannah 

D’Ambrosio). The sample was then desalted and acidified for LC-MS analysis (for more 

experimental details see Section 4.4.8). The overall labeling efficiency was determined to 

be ≥50% based on a search for the TMT label on all peptides identified, indicating the 

labeling protocol is sufficient. However, optimization of TMT labeling for higher 

efficiency is ideal. Unfortunately, this pilot using pure protein was not successful in 

identifying any peptides for PfPK9, even with sufficient TMT labeling of peptides. 

 It was hypothesized that a low quantity of pure protein would not resolve well 

during MS/MS without the presence of a “carrier” and more starting material was 

needed due to sample loss throughout sample preparation. Based on the number of 

steps in the protocol and discussions with the core facility staff, it was estimated that 50- 

or 100- fold more material would be necessary to yield the desired protein quantity at 

the end of the protocol.  
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Pilot Study 2: Based on the results from the first pilot study, experiments were 

completed with greater amounts of PfPK9. Additionally, lysed HepG2 cells and P. 

falciparum 3D7-infected red blood cells were used as two different sources of carrier 

proteins. Because the majority of the protein in parasite-infected red blood cells is 

hemoglobin, a hemoglobin affinity resin was used to reduce the hemoglobin in the 

lysate and allow for detection of other protein peptides. The total protein of each lysate 

was normalized by absorbance. Pure PfPK9 (5 µg) was added to 50 µg of HepG2 cell 

lysate or clarified red blood cell lysate. These samples were reduced, alkylated, digested 

overnight, and labeled with the isobaric TMT0 tag. The labeling reaction was quenched 

and then the sample was desalted and acidified for LC-MS analysis (for more 

experimental details see Section 4.4.8).  

After MS analysis, the total ion chromatograms from both samples (PfPK9 in 

HepG2 and PfPK9 in infected blood cells) contained few peaks. Only 50 peptides were 

detected, suggesting the protein quantity was lower than anticipated (staff in the core 

estimated <1 µg total material). No peptides were detected for PfPK9 in HepG2 cell 

lysate sample. However, even with lower anticipated protein in the samples, peptide 

analysis revealed that peptides were detected in the sample containing PfPK9 in infected 

red blood cell lysate. Eleven peptides were identified for the spiked PfPK9 with 30% 

coverage of the protein. Additionally, peptides were identified for human hemoglobin, 

peroxiredoxin-2, band 3 anion transport protein, and carbonic anhydrase 2 (Table 6). 
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Table 6: Peptides identified in P. falciparum 3D7-infected red blood cell lysate 

containing PfPK9 

# Peptides 

(>95%) 

% 

Coverage 
Name Accession # 

11 30 Serine/threonine protein kinase (PK9) Q8IEG4_PLAF7 

10 72 Hemoglobin subunit alpha HBA_HUMAN 

14 76 Hemoglobin subunit beta HBB_HUMAN 

8 61 Hemoglobin subunit gamma-2 HBG2_HUMAN 

3 67 Hemoglobin subunit delta HBD_HUMAN 

5 33 Peroxiredoxin-2 PRDX2_HUMAN 

2 5 Band 3 anion transport protein B3AT_HUMAN 

2 12 Carbonic anhydrase 2 CAH2_HUMAN 

 

Pilot Study 3: Following identification of PfPK9 peptides in spiked samples, the 

protocol was used with P. falciparum 3D7-infected red blood cells to determine whether 

PfPK9 peptides could be detected in a cellular context without spiking in pure protein. 

Approximately 4 mL of infected red blood cell culture (23% parasitemia) were lysed and 

split into two samples, which were exposed to either 40 °C or 44 °C to observe whether 

the number of peptides identified were different after heating.  This data was expected 

to indicate how stable PfPK9 was to heat-treatment for future thermal shift experiments 

(ie. to observe if protein samples degrade at higher temperatures). After heat-treatment, 

the lysates were clarified with the hemoglobin affinity resin, digested, labeled with 

TMT0, and prepared for LC-MS analysis (for more experimental details see Section 

4.4.8).  
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The results for this study were mixed. The proteomics analysis alluded to the 

total protein quantity being sufficient and the overall TMT labeling efficiency was 

determined to be over 97% (identified peptides labeled/all peptides identified), 

suggesting the labeling protocol and extractions were efficient.  However, relatively few 

proteins were identified because the majority of all MS/MS spectra (over 90%) were from 

hemoglobin subunits, suggesting the hemoglobin affinity resin was not efficient during 

this protocol. Future experiments with blood stage parasites should contain a minimum 

of two hemoglobin removal steps with the hemoglobin affinity resin to ensure efficient 

clarification of the lysate.  

Pilot Study 4: To alleviate the complications with hemoglobin in blood stage 

parasite lysates, GFP-PfPK9 overexpressed in HEK293 liver cells was used. This system 

was chosen because it could still be utilized to determine whether PfPK9 peptides could 

be detected in a cellular context without spiking in pure protein. Approximately 5 

million GFP-PfPK9-HEK293 cells were treated with either DMSO or takinib for 24 hr 

prior to being lysed and split into five samples per condition— 37 °C, 44 °C, 50 °C, 56 °C, 

or 63 °C. After digestion of each sample, peptides were labeled with TMT10plex 

reagents, and prepared for LC-MS analysis (for more experimental details see Section 

4.4.8). 

The peptide yield and thus proteome coverage for DMSO- and takinib-treated 

samples was low.  Few peptides were detected in these samples, therefore only the most 
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abundant proteins in HEK293T cells were observed. These detected proteins included 

enolase, GAPDH, PPIA, and actin.  A total of only 60 proteins were sequenced in this 

experiment, whereas a typical sample of mammalian cells should yield over 3,000 

proteins on the Q-Exactive according to the Duke Proteomics Facility staff. Moreover, of 

the peptides identified in these samples, <10% contained a TMT10 label.  Therefore, the 

current CETSA protocol needs optimization to increase the protein yield and improve 

the consistency of TMT labeling efficiency.  

These experiments have yet to be repeated, however after discussing protocols 

with members of the Duke Proteomics Core and the Fitzgerald lab here at Duke, it is 

hypothesized that 0.5–1 mg of starting material for each condition will be necessary. 

Additionally, the protocols followed in previous experiments utilized C18 ZipTips, 

while members of the Fitzgerald lab have a greater protein recovery using C18 

centrifuge columns, due to the larger binding surface and more efficient resin washing. 

Labeling efficiency varied between these previous studies (10-97%), therefore additional 

experiments may be required to determine if the low labeling was an anomaly or due to 

cell-specific characteristics. For, future CETSA experiments, 1 mg of GFP-PfPK9 in E. coli 

BL21(DE3) will be used and a C18 centrifuge column will be used for preparing digested 

samples for LC-MS analysis. Additionally, to attempt to achieve on-target binding of 

PfPK9 in a biologically relevant system, 500 µg-1 mg of lysate from P. falciparum 3D7-

infected red blood cells will be used.  
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4.5 Materials and Methods 

4.5.1 Materials 

HEK293T and HepG2 hepatoma cells were obtained from the Duke Cell Culture 

Facility. HuH7 cells were a kind gift from Dr. Peter Sorger (Harvard Medical School). 

Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented 

with 10% FBS and 1% antibiotic-antimycotic, and maintained in a standard tissue culture 

incubator (37 °C, 5% CO2). P. berghei ANKA infected Anopheles stephensi mosquitoes were 

purchased from the New York University Langone Medical Center Insectary. Primers 

for cloning and site-directed mutagenesis were obtained from Eton Bioscience. 

P. falciparum 3D7 isolate was maintained under standard conditions (73, 74) in 

complete culturing medium (10.44 g/L RPMI 1640, 5.94 g/L HEPES, 50 mg/L 

hypoxanthine, 2.02 g/L sodium bicarbonate, 5 g/L albuMAX II, 25 mg/L gentamicin, pH 

7.2). Parasite cultures were supplied with human red blood cells (Gulf Coast Regional 

Blood Center) at 1% hematocrit. To obtain synchronous cultures, Plasmodium parasites 

(≥50% parasites at the early-ring stage) were pelleted at 300 xg for 7 min using a low 

brake setting and treated with 25 volume 5% D-sorbitol at 37 °C for 10 min. 

4.5.2 P. berghei Liver Stage Pull Downs with PfPK9 

P. berghei ANKA sporozoites (2.5 million per replicate) were freshly dissected 

from A. stephensi mosquitoes, washed in 3 mL PBS, and lysed IP lysis buffer (Pierce) 

containing cOmplete protease inhibitor on ice for 1 hr. To complete lysis, the samples 
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were placed at 4 °C for 1 hr with gentle rotation. Partially enriched GST-PfPK9 (100 µL) 

was pre-bound to 50 µL PBS-washed glutathione 4B resin (GE Healthcare) for 1 hr at 4 

°C.  The sporozoite lysate was then added and incubated for an additional 4 hr. After 

incubation, the supernatant was cleared from the resin via centrifugation (1000 xg, 2 

min, 4 °C). Once the supernatant was removed, the resin was washed with 9 CV IP lysis 

buffer. Glutathione (20 mM) in 1 CV IP lysis buffer was added to elute specifically 

bound proteins from the glutathione resin (elution 1). This step was repeated to ensure 

the elution of all bound proteins (elution 2). These samples were incubated with SDS 

gel-loading dye at 80 °C for 10 min and resolved by SDS-PAGE. The gel was silver 

stained using a commercial kit (Pierce) and imaged on a ChemiDoc-MP. 

4.5.3 P. falciparum Blood Stage Pull Downs with PfPK9 

Synchronized ring-stage P. falciparum 3D7 parasites were harvested and 

sequentially treated with 0.03% saponin lysis buffer to remove host cytosolic proteins 

and uninfected red blood cells followed by sonication in buffer (10 mM HEPES, pH 7.4, 

150 mM NaCl, 1 mM EDTA, 0.25% Triton X-100, 0.1% 2-mercaptoethanol, 1 mM 

benzamidine) containing cOmplete protease inhibitor. Enriched GST-PfPK9 (120 µL) 

was pre-bound to 50 µL PBS-washed glutathione 4B resin (GE Healthcare) for 1 hr at 4 

°C with rotation. Then 500 µg P. falciparum lysate in 120 µL IP lysis buffer (Pierce) and 

incubated for an additional 4 hr with rotation at 4 °C. After binding, the supernatant was 

cleared from the resin via centrifugation (1000 xg, 2 min, 4 °C) and the resin was washed 
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with 9 CV lysis buffer. Glutathione (20 mM) in 1 CV IP lysis buffer was added to elute 

specifically bound proteins from the glutathione resin (elution 1). This step was repeated 

to ensure the elution of all bound proteins (elution 2). These samples were incubated 

with SDS gel-loading dye at 80 °C for 10 min and resolved by SDS-PAGE. The gel was 

silver stained using a commercial kit (Pierce) and imaged on a ChemiDoc-MP. 

4.5.4 MALDI-TOF/TOF on PfPK9 Pull Down Samples 

Visible bands on SDS-PAGE were detected via silver staining or Coomassie 

staining and were excised manually and cut into pieces approximately 1mm x 1mm 

prior to destaining with a 1:1 solution of 30mM potassium ferricyanide and 100mM 

sodium thiosulfate for 10 minutes.  Alternating washes with 25mM ammonium 

bicarbonate and acetonitrile were completed to remove the stain and destaining agents. 

Following dehydration with acetonitrile, 25µL of porcine trypsin (V5111, Promega) at a 

concentration of 20µg/mL was added to the gel pieces, incubated on ice for 

approximately 1 hour, and then 37 °C overnight to complete digestion of proteins.  After 

digestion, the supernatant was transferred to a second tube and acetonitrile was added 

to the gel pieces ensure the complete extraction of digested peptides. The two extracts 

were pooled, frozen, and lyophilized.  The peptides were resuspended in 5µL of 100:99:1 

acetonitrile: water: trifluoroacetic acid immediately prior to spotting on the MALDI 

target.     
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For MALDI analysis, the matrix solution consisted of alpha-cyano-4-

hydroxycinnamic acid (Aldrich Chemical Co. Milwaukee, WI) saturating a solution of 

1:1:0.01 acetonitrile: 25mM ammonium citrate: trifuoroacetic acid. Approximately 0.15 

µL of peptide solution was spotted on the MALDI target immediately followed by 

0.15µL of the matrix solution. This combined solution was allowed to dry at room 

temperature. MALDI MS and MS/MS data was then acquired using the ABSCIEX 

TOF/TOF® 5800 Mass Spectrometer. Resultant peptide mass fingerprint and peptide 

sequence data was submitted to the UniProt database using the Mascot search engine to 

which relevance is calculated and confidence scores are displayed. 

4.5.5 Expression and Purification of P. falciparum Enolase 

Pfeno (PF3D7_1015900) was amplified from P. falciparum cDNA using the 

primers in Table 7. Purified PCR products were then inserted into the pET-21a 

expression vector to yield Pfeno-His6 and the insertion was confirmed via sequencing 

(Eton Biosciences). E. coli BL21(DE3) cells were transformed with the construct and cells 

were grown at 30 °C until the OD600 = 0.6–0.7. Expression of Pfeno-His6 was then induced 

with 0.5 mM IPTG at 18 °C for 16–19 hr.  

Table 7: Primers for Pfeno Amplification 

 Primer Sequences 5’  3’ 

Sense GCGCGAATTCATGGCTCATGTAATAACTCG 

Antisense GCGCCTCGAGATTTAATTGTAATC 
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After expression, pellets were collected by centrifugation (6000 xg, 4 °C, 10 min) 

and lysed by sonication in buffer (50 mM NaH2PO4, 300 mM NaCl, 1 mM imidazole, 1 

mM Pefabloc SC, 1 mM benzamidine, 5% glycerol, and 0.035% 2-mercaptoethanol) with 

lysozyme and cOmplete protease inhibitor. The supernatant was cleared by 

centrifugation (4300 rpm, 4 °C, 1.5 hr). Purification was completed using a low-pressure 

system with a column containing Ni-NTA agarose (Qiagen). Elutions were completed 

with gradients of 10–150 mM imidazole. Protein was detected by anti-His Western blot 

and purity was assessed to be >98% by SDS-PAGE. 

4.5.6 K63-linked Anti-Ubiquitin Pull Down in Blood Stage Plasmodium 

P. falciparum 3D7 parasites (ring stage) were treated with 30 µM takinib or DMSO 

for 24 hrs and then separated from the red blood cells with 0.03% saponin lysis buffer to 

remove host cytosolic proteins and uninfected red blood cells followed by sonication in 

buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.25% Triton X-100, 0.1% 2-

mercaptoethanol, 1 mM benzamidine) containing cOmplete protease inhibitor. Either 20 

µg or 100 µg K-63 linkage specific anti-ubiquitin (Abcam, ab179434) was added to the 

lysates overnight with gentle rotation at 4 °C. Following incubation, PBS-washed protein 

G agarose resin was added at 4 °C for 4 hr with rotation to secure the antibody bound 

targets. Samples were centrifuged (14000 xg, 4 °C, 2 min) and the resin was washed with 

10 CV IP lysis buffer (Pierce). Samples were boiled at 80 °C for 10 min with SDS gel-

loading dye two times and elutions were resolved by SDS-PAGE. K63-linked ubiquitin 
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targets were detected via Western blot with K63-linkage specific anti-ubiquitin and 

imaged on a ChemiDoc-MP. 

4.5.7 Takinib-Sepharose Pull Downs 

Takinib was covalently linked to sepharose by a sizeable and cleavable linker 

(Philip Hughes, Haystead lab, Duke University). This resin (1 mL 50% slurry) was 

washed with 30 CV buffer (25 mM HEPES, pH 7.4, 150 mM NaCl, 60 mM MgCl2, 1 mM 

DTT) and then incubated with 100 mg of synchronized P. falciparum 3D7 (schizonts) 

parasite lysate or 300 mg of HEK293 lysate containing overexpressed GFP-PfPK9 

(described in section 2.8.2) overnight at 4 °C with gentle rotation. Following incubation, 

the supernatant was cleared by centrifugation (500 xg, 4 °C, 2 min) and the resin was 

washed with 30 CV wash buffer (25 mM HEPES, pH 7.4, 150 mM NaCl, 60 mM MgCl2, 1 

mM DTT), 20 CV wash buffer with 1 M NaCl, and another 30 CV wash buffer. The resin 

was cleaved for 30–60 min at 4 °C with 2 CV wash buffer containing 50 mM sodium 

dithionite. Cleavage was completed a total of four times and boiled in SDS gel-loading 

dye at 80 °C for 5 min. Each sample was resolved by SDS-PAGE and silver stained using 

a commercial kit (Pierce) and imaged on a ChemiDoc-MP.  

4.5.8 Cellular Thermal Shift Assay (CETSA) with PfPK9  

PfPK9 was purified as described in Chapter 3. HepG2 or HEK293T lysate 

containing overexpressed GFP-PfPK9 (~5 million cells) was prepared as described in 

section 2.8.2. Synchronized P. falciparum 3D7 parasites (4 mL) were harvested with 0.03% 
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saponin lysis buffer. For heat-treatment, mammalian cells were diluted in 30 mM TEAB 

and blood stage parasites were diluted in PBS. Cells were aliquoted into PCR tubes prior 

to heating for 3 min with a thermocycler at either 37, 40, 42, 37, 44, 50, 56, or 63 °C. After 

heating, samples were cooled at RT for 3 min followed by flash-freezing in liquid N2. 

The frozen samples were heated to 25 °C in the thermocycler and refrozen in liquid N2 

for a total of 3 freeze-thaw cycles. 90 µL HemogloBind resin (Biotech Support Group) 

was added to blood stage parasite lysates, vortexed for 30 sec, and rotated for 10 mn at 

RT to remove hemoglobin prior to clarifying by centrifugation (9000 rpm, RT, 2 min). 

To prepare for labeling and LC-MS analysis, all samples were centrifuged at 

20,000 xg for 20 min at 4 °C and the supernatants were reconstituted in 10:1 1M urea/30 

mM TEAB buffer. 50 mM TCEP was added to each sample for a final concentration of 5 

mM and incubated at 32 °C for 1 hr with shaking to reduce disulfide bonds. Then 200 

mM MMTS dissolved in isopropanol was added to each protein to a final concentration 

of 10 mM and incubated for 10 min at RT to alkylate cysteine residues. Mass 

spectrometry grade trypsin (V5111, Promega) was reconstituted to 1 mg/mL and added 

to the samples in a 1:50 trypsin/protein ratio overnight at 30 °C with shaking to digest 

proteins. TMT0 or TMT10plex reagents for labeling (Thermo Scientific) were 

equilibrated to room temperature and 41 µL anhydrous acetonitrile was added to each 

reagent prior to labeling the samples for 2 hr at RT. After labeling 8 µL 5% 

hydroxylamine was incubated in the samples for 15 min at RT to quench the labeling 
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reaction and acidified with 1% TFA. A C18 ZipTip (Millipore) was washed in 

acetonitrile and acidified with 2% TFA prior to pipetting the sample 50–100 times to 

bind the protein. The sample was eluted from the C18 tip 3 times with 10 µL 70% 

acetonitrile/0.1% TFA. After elution, samples were lyophilized and sent to the Duke 

Proteomics Facility for analysis. 

A 90 min LC-MS/MS gradient (5-30% acetonitrile) was performed on a 

NanoAcquity UPLC/Thermo Q-Exactive HF. MS was operated in data-dependent 

acquisition (DDA) mode, with MS1 analysis at 120k resolution and MS2 analysis of the 

top 12 most abundant precursors to collect tandem MS data for sequencing. All data was 

converted from *.raw to *.mgf (Mascot-searchable) using Proteome Discoverer 2.1, and 

database searches were performed in Mascot. The curated UniProt database of human 

taxonomy and NCBI RefSeq database of P. falciparum taxonomy were searched together, 

along with a reverse decoy database for false discovery rate (FDR) determination. Search 

parameters: 15 ppm precursor mass tolerance, 0.02 Da for product ions, allowing 

methylthio (C), deamidation (NQ), and oxidation (M) as variable 

modifications. Additionally, samples were searched with TMT0 or TMT10 modification 

to determine labeling efficiencies for each pilot study. Results for both sample types 

were compiled in Scaffold v4.  



 

96 

5. Discovery of P. falciparum Protein Kinase 5 Inhibitors 

5.1 Background 

Work in this chapter is taken from the publication In silico Screening and 

Evaluation of Plasmodium falciparum Protein Kinase 5 (PK5) Inhibitors, ChemMedChem, 

2018 (84). This work was completed in collaboration with Marisha M. Perkins, Jack 

Ganley, Kayla Sylvester, and Dora Posfai (Derbyshire lab members) as well as Paul 

Sanschargrin (Sliz lab, Harvard University). 

Due to the essential nature of protein kinases based on genetic (48, 85, 86) and 

chemical inhibition studies (50, 87), the Plasmodium kinome is a rich, but mostly 

unexplored, area for novel drug target development (39, 88, 89). Protein structures can 

often be leveraged to facilitate chemical probe and inhibitor discovery, but only six P. 

falciparum protein kinases have crystal structures currently elucidated (90, 91). Of these, 

P. falciparum protein kinase 5 (PfPK5) is a putative cyclin-dependent kinase (CDK)-like 

protein and has been crystallized at 1.9 Å resolution (90, 92, 93).  PfPK5 has the highest 

similarity in sequence to Homo sapiens CDK2 (HsCDK2)(90), with 63% sequence identity 

and 74% similarity. Furthermore, the previously reported crystal structures of the two 

kinases displayed only a 1.3 Å RMSD over 235 atoms when aligned (90), supporting an 

extremely high degree of structural similarity in addition to sequence similarity. 

Additionally, critical residues of the ATP-binding site overlap significantly (Figure 35). 

Like HsCDK2, PfPK5 may regulate cell division, however this role has not yet been 
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established in the parasite (94). The high degree of sequence and structural homology to 

HsCDK2 makes studying PfPK5 function with small molecules during infection difficult 

and all known PfPK5 inhibitors exhibit poor parasite selectivity.  

 

Figure 35: Structural overlay of PfPK5 (PDBID: 1V0O) and HsCDK2 (PDBID: 

1E9H). A) Total kinases are shown. PfPK5 (cyan) and HsCDK2 (blue) structures have a 

high degree of similarity. B) Critical active site residues for ATP binding are shown 

for each kinase. D143, D125, and N130 residues in PfPK5 correlate strongly with D145, 

D127, and N132 in HsCDK2, respectively. Visualizations prepared in PyMol. 

Reproduced from (84). 

5.2 Attempts to Improve PfPK5 Binding Using an Existing 
Scaffold 

In order to identify compounds with better binding to PfPK5, the first approach 

was to examine binding and species selectivity of a known HsCDK2 inhibitor scaffold. 

Several previous studies have leveraged the wealth of compounds with known HsCDK2 

affinity to discover PfPK5-binding compounds (90) and this approach has been 
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successful in identifying compounds with high nM affinity for PfPK5. However, they 

often exhibit >100-fold selectivity for HsCDK2. For example, CDK1/2 Inhibitor III (1a, 

Table 8) is an established HsCDK2 inhibitor with an IC50 of 0.5 nM (95). Previously, 1a 

was found to also bind to PfPK5 with a Kd(app) of 320 nM (50), but this affinity is offset by 

poor species selectivity. To date, there have been limited efforts to modulate the species 

selectivity of PfPK5 inhibitors through a structure-activity relationship (SAR) approach. 

Therefore, to explore whether the selectivity of 1a could be favorably adjusted towards 

PfPK5 over HsCDK2, a modest SAR study was conducted.  

Table 8. Triazolo-diamine analogs and their binding to PfPK5 and HsCDK2.[a] 

Adapted from (84). 

 

Compound R 
HsCDK2 Kd(app) 

(µM) 
PfPK5 Kd(app) 

(µM) 

1a 
 

0.00039 0.37 

1b 
 

0.013 23 

1c 
 

0.013 2.4 

1d 
 

2.1 >300 

1e 
 

0.13 >30 

[a] Binding affinities determined in duplicate using the KINOMEscan® platform.  
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For comparative analysis, four analogs of 1a (1b–1e, Table 8) were strategically 

selected from a previously reported SAR campaign based on their varying inhibition of 

HsCDK1, a closely related kinase to HsCDK2. In that report, potency decreased for each 

analog, 1b–1e, relative to 1a. Activity decreased 217-fold for 1b, while for 1c and 1e it 

decreased by 13-fold and 75-fold, respectively. Interestingly, the potency of 1d against 

HsCDK1 was reduced by 1,100-fold relative to 1a. For biochemical testing with PfPK5, 

1a–1e were synthesized in-house (Marisha Perkins) using a previously reported protocol 

(95). Of these analogs, the parent compound 1a had the highest binding affinity to both 

PfPK5 and HsCDK2 (KINOMEScan). The Kd(app) values of 1a for PfPK5 and HsCDK2 are 

0.37 µM and 0.00039 µM, respectively. Unfortunately, this makes 1a 950-fold selective 

for the human kinase (Figure 36A). These data agree with the previously reported 

activity of 1a for HsCDK1 (95), as well as with previous PfPK5 binding data (50).  

 

Figure 36: Binding of the two most potent triazolo-diamines to PfPK5 (red) and 

HsCDK2 (black). Structures are shown above plots. A) 1a (CDK 1/2 Inhibitor III) and 

its most active analog B) 1c both exhibit selectivity to HsCDK2 over PfPK5. Data are 

shown as the average ± SD and were fit to a standard dose response equation. 

Reproduced from (84). 
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Among the analogs examined, the next most active compound for PfPK5 was 1c, 

with a Kd(app) of 2.4 µM. Unfortunately, it was also selective for HsCDK2, with a Kd(app) of 

0.013 µM for the human kinase (Figure 36B). Analysis of the remaining analogs indicates 

that changes in potency and affinity for each compound were similar between HsCDK1, 

HsCDK2, and PfPK5 (Figure 37). Compound 1a is the most potent for HsCDK1 and 

binds to both PfPK5 and HsCDK2 with the highest affinity. This is followed by 1c as the 

next most active and 1d being the least active. While 1d and 1e are moderately active 

against HsCDK1 and bind to HsCDK2, neither compound was able to bind to PfPK5 up 

to 30 µM, therefore binding constants for the parasite kinase could not be determined.  

 

Figure 37: Potency heatmap of triazolo-diamine derivatives (1a–1e). Kinase 

inhibition (black) of HsCDK1 as well as binding (blue) to HsCDK2 and PfPK5 shown. 

Potency, as evaluated within each row, is colored as most (red) to least (green) potent. 

HsCDK1 activity data from a previous report (95). All data reported in µM. 

Correlations are observed between compound modification and change in potency. 

Reproduced from (84). 

Importantly, the binding affinity of 1c for HsCDK2 was reduced by 33-fold 

relative to the parent compound, while affinity only decreased by 6.5-fold for PfPK5. 

Due to this biased reduction in affinity of 1c for HsCDK2, increased selectivity for PfPK5 

was observed with this analog. Where 1a is 950-fold selective for the human kinase, 1c 

was only 180-fold selective for HsCDK2. However, while selectivity was improved 
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towards the parasite kinase, the analogs from this approach did not produce a 

compound selective for PfPK5 over HsCDK2 nor did they achieve desirable potency for 

an ideal inhibitor. These results demonstrate the challenges of designing selective PfPK5 

inhibitors using previously characterized HsCDK1/CDK2 inhibitors as starting points. 

5.3 Determination of Triazolo-diamine Potency Against PfPK5  

To confirm that the triazolo-diamine 1a does bind to PfPK5 and to determine its 

potency against the parasite kinase, a previously reported kinase activity assay that 

utilizes radiolabeled ATP was optimized for use with PfPK5 and HsCDK2 (65). To first 

validate the assays accuracy, HsCDK2 was purified (Marisha Perkins) and tested with 1a 

since inhibitory data has been previously published for the human kinase (95). Cyclin-

dependent kinases require activation by a cyclin in order to have activity, therefore 

human cyclin A (HsCycA) was used to activate purified HsCDK2 (in-house) in vitro 

prior to conducting the assay. Briefly, kinase reactions are initiated with [γ-32P]ATP and 

incubated at 30 °C. After completion, reactions are spotted on P81 phosphocellulose and 

washed to remove residual radioactivity. Kinase activity is measured as counts per 

minute (C.P.M.) in a scintillation counter.  

It was determined that 0.5 µg HsCDK2 and activation for 1 hr at 37 °C with a 1:1 

ratio of HsCycA was optimal for kinase activity using histone H1 as a substrate. With 

these activation conditions and incubation at 30 °C, the activity of HsCDK2 was 

significantly increased relative to a control with no histone substrate (Figure 38A). 
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Additionally, the kinase activity was linear over time up to 30 min (Figure 38B). For 

dose-response experiments, an endpoint of 30 min was chosen to maximize the signal 

window without compromising linearity.  From an 8-pt dose response (Figure 38C), the 

IC50 was determined to be 1.54 ± 0.98 nM. These data agree with the published IC50 of 0.5 

nM (95).  

 

Figure 38: Optimization of radiolabeled ATP kinase assay with HsCDK2. A) 

Phosphorylation of the histone substrate significantly increases in a time-dependent 

manner. B) Linear correlation between time of incubation and C.P.M. is strong (R2 = 

0.9832). C) Dose-response of 1a (0.1 pM to 1 µM) yielded IC50 of 1.54 ± 0.98 nM. 

Representative graphs shown (n = 2). Statistics were calculated with student t-test. 

**p<0.01, ***p<0.001, ****p<0.0001.  

Following assay validation with the human kinase, inhibition of PfPK5 by 1a was 

examined. PfPK5 was purified (Marisha Perkins) and two human cyclins were tested for 

their efficiency to activate the Plasmodium kinase—HsCycA and human cyclin H 

(HsCycH). The later was found to be the most effective activator of the parasite kinase. It 

was determined that 3 µg PfPK5 and activation for 1 hr at 37 °C with a 1:1 ratio of 

HsCycH was required for optimal activity on histone H1 substrate. The assay was 

initiated with [γ-32P]ATP and completed for 30 min at 30 °C, identical to the assay with 
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the human kinase. Under these conditions, a significant increase in PfPK5 activity was 

observed relative to the control with no substrate (Figure 39A). Prior to dose-response 

experiments, the assay with these conditions for PfPK5 was first validated using two 

positive controls, flavopiridol ((50)) and NU6102 (90). In this test, 1a was also included at 

10 µM to ensure that inhibition was observed at a high concentration.  

 

Figure 39: Kinase activity assay with PfPK5. A) Histone substrate 

phosphorylation increases significantly in the presence of activated PfPK5. B) 

Relative to a DMSO control, 1a (10 µM) significantly reduces kinase activity. 

Flavopiridol (Flav) and NU6102 are known PfPK5 inhibitors that were used as 

positive controls. C) A dose-response experiment (0.01 nM–10 µM) with 1a against 

PfPK5 yielded an IC50 value of 0.38 ± 0.39 µM. Data were fit to a standard non-linear 

equation and representative plots are shown (n = ≥2). Statistics were calculated with 

an unpaired student t-test. **p<0.01, ***p<0.001, ****p<0.0001. 

All three compounds significantly reduced kinase activity and 1a performed to 

the same degree or better than both positive controls at this concentration (Figure 39B). 

After verification of inhibition, an 8-pt dose-response (0.01 nM–10 µM) was completed 

and the IC50 against PfPK5 was determined to be 0.38 ± 0.39 µM, thus confirming 

binding of 1a to the parasite kinase (Figure 39C). These data indicate that 1a is 250-fold 

less active against the parasite kinase than for HsCDK2, which was expected given the 
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950-fold difference in binding selectivity. However, this data establishes an IC50 for 1a 

against PfPK5 and indicates that it is among the most potent inhibitors currently known 

for PfPK5. 

5.4 In silico Screen Identifies Inhibitor Selective for PfPK5 
Relative to HsCDK2 

To mitigate the limitations of starting with a human kinase inhibitor to develop 

PfPK5 selective compounds, a target-based screening campaign approach was utilized— 

an approach that has not been previously explored for the discovery of PfPK5 inhibitors 

without bias for HsCDK2 activity. To reduce both the cost and time of evaluating a large 

compound library, an in silico screening method was employed to evaluate 350,000 

accessible compounds for the ability to bind to the PfPK5 ATP-binding site (in 

collaboration with Paul Sanschargrin and Piotr Sliz at Harvard University). Such a 

strategy has previously proved valuable for identifying selective inhibitors of PfMRK, a 

homolog of HsCDK7 (96), and we predicted that it may also facilitate the discovery of 

PfPK5 inhibitors with improved species selectivity.  

Our initial docking studies were completed with standard precision (SP) and 

extra precision (XP) in Glide (Schrodinger) and identified 400 structurally diverse 

potential inhibitors of PfPK5. The top 182 compounds were chosen for further analysis 

based on their structural diversity from 2D-fingerprinting (Figure 40). Importantly, two 

known PfPK5 inhibitors, purvalanol A and indirubin-3´-monoxime, were included in the 

library for the in silico analysis and both inhibitors were predicted to bind PfPK5. 
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Identification of known PfPK5-binding compounds as candidates in the virtual screen 

supported the promise of this strategy to identify novel PfPK5 ligands. The 182 

identified compounds were obtained through the ICCB-Longwood Screening Facility 

(Harvard Medical School) for further in vitro studies. 

 

Figure 40: Chemical diversity of 182 compound library shown by cluster 

analysis. Compounds belonging to a cluster with more than one molecule are shown 

in colors, singletons are shown in grey. Compounds were chosen for biochemical 

testing based on in silico screen and clustering. Clusters were determined by 

multidimensional scaling in ChemMine Tools (97) with a threshold of 50% similarity 

among compounds. The x-axis and z-axis are defined as the distance between specific 

atoms of each molecule, calculated by the ChemMine distance matrix, and the y-axis 

is the cluster number. Reproduced from (84). 

The compounds were each screened for binding to PfPK5 (Figure 41, Table 16 in 

Appendix B) at 12 µM using an active-site-directed competition assay (KINOMEScan). 

In this assay, protein is bound to resin and then is released when test compounds are 

able to competitively bind to the ATP-binding site. After normalization to a DMSO 
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control, the relative quantity of protein remaining on the resin is assessed. The two 

known inhibitors, purvalonol A, and indirubin-3´-monoxime, were selected for testing 

in the competitive binding assay to provide internal controls. After evaluation of the 

positive and negative controls, screening results were grouped into three categories; 

no/low-binding (100–95%, 44 compounds), moderate-binding (95–50%, 135 compounds, 

74% hit rate), and high-binding (<50%, 3 compounds, 1.6% hit rate) (Figure 41). 

 

Figure 41: Competition-based biochemical assay for PfPK5 binding. The 

ability of predicted compounds (circles) to bind to the PfPK5 ATP-binding site at 12 

µM was determined. Purvalanol A (blue circle) and indirubin-3’-monoxime (green 

circle) are known inhibitors. Compounds were grouped as high-binding, moderate-

binding and no/low-binding. Controls are included in the moderate binding group 

(50-95%, indicated by grey dashed lines). Three compounds (2a, 3a, and 4a, red circles) 

are included in high binding group (>50%). Reproduced from (84). 

Purvalanol A and indirubin-3´-monoxime are known to inhibit PfPK5 with IC50 

values of 8 µM (90) and 6 µM (98), respectively. To the best of our knowledge these are 

among the most potent PfPK5 inhibitors reported and the identification of these controls 

within the moderate-binding group suggests many uncharacterized PfPK5-binding 

compounds exist within this group. The high hit rate of 76% across the high- and 
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moderate- binding groups indicates that our in silico approach provided a library 

enriched with PfPK5-binding compounds. While a wealth of potential PfPK5 inhibitors 

stemmed from the primary screen, we sought to prioritize our studies on a more select 

number of compounds.  

 

Figure 42: Relative binding to PfPK5 and HsCDK2 for top 182 scoring 

compounds (circles) from the in silico screen. The majority of the compounds display 

similar binding potency for PfPK5 and HsCDK2. The most potent PfPK5-binding 

compounds are shown in red (2a, 3a, and 4a). Reproduced from (84). 

To further narrow the candidates, the top 182 PfPK5-binding compounds were 

counter-screened for HsCDK2 binding at 12 µM using a similar active-site-directed 

competition assay (Table 16 in Appendix B). HsCDK2 was selected for this screen due to 

its high sequence similarity to PfPK5. After normalization to the DMSO negative control, 

the percent bound to HsCDK2 versus PfPK5 was plotted to reveal compounds that 

preferentially bind to either kinase (Figure 42). This analysis highlights the challenge of 

discovering selective kinase inhibitors, as many compounds bound both proteins to a 

similar degree. However, four compounds displayed selectivity for HsCDK2 and three 

displayed selectivity for PfPK5 (2a, 3a, and 4a). Due to the primary interest in selective 
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targeting of Plasmodium parasites, compounds 2a, 3a, and 4a were selected for 

subsequent validation studies. 

Screening actives were purchased and tested at additional concentrations (0–30 

µM) to generate binding curves and determine apparent Kd (Kd(app)) values. Interestingly, 

3a and 4a did not bind PfPK5 up to 30 µM in this secondary analysis even though they 

were found to bind the kinase with high affinity (>75% bound) when tested at 12 µM in 

the primary binding assay. To explore these conflicting results, 3a and 4a from the 

original compound library plate were retested and the binding observed in the primary 

screen was reproduced. These results indicate that the discrepancy in activity between 

the primary screen and validation study is due to varying sample sources (repurchased 

vs. original library plate) rather than a false discovery rate. It is not uncommon for 

compounds within screening libraries to degrade over time in DMSO, making validation 

studies critical. Unfortunately, these experiments exhausted the original supply of 3a 

and 4a from the library plate, therefore no further evaluation of these compounds was 

pursued. Nevertheless, purchased 2a (4-methylumbelliferone scaffold, Table 9) 

displayed dose-dependent binding activity in the secondary analysis and binding curves 

were generated. The Kd(app) for PfPK5 was determined to be 5 µM and the Kd(app) for 

HsCDK2 was 11 µM, making 2a 2.2-fold selective for the parasite kinase over the human 

kinase (Figure 43). 
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Figure 43: Binding of 4-methylumbelliferone compound 2a to PfPK5 (red 

triangles) and HsCDK2 (black circles). Structure is shown above the plot. Data are 

shown as the average ± SD and were fit to a standard dose response equation. 

Adapted from (84). 

The binding of compound 2a to both PfPK5 and HsCDK2 was further evaluated 

with molecular docking using XP mode in Glide (Figure 44). After binding simulations 

in extra precision mode, the most energetically favorable position of the compound 

indicated three predicted interactions with Leu82 of PfPK5 and two interactions with 

Leu82 of HsCDK2 were predicted. This leucine is conserved between the two kinases 

and these results suggest that hydrogen bonds between the Leu 82/83 and the hydroxyl 

group of the 4-methylumbelliferone scaffold may stabilize binding in the active site. This 

residue has also previously been shown to be important for both ATP and inhibitor 

binding within each kinase, supporting the results from the docking analysis (90, 99). 
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Figure 44: Molecular docking of compound 2a into A) PfPK5 (PDBID: 1V0O) 

and B) HsCDK2 (PDBID: 1E9H) shows the predicted interactions with each protein. 

Compound 2a has 2-3 predicted hydrogen bonds to a conserved leucine residue in 

each kinase. Molecular docking was completed with Glide XP mode (Schrödinger) 

and visualizations prepared in PyMol. Reproduced from (84). 

To further assess the role of the 4-methylumbelliferone scaffold in selective 

parasite kinase binding, five structural analogs of 2a (2b–2f, Table 9) were purchased for 

biochemical testing in the competitive binding assay (KIMOMEScan). This selection of 

analogs was strategically based on three criteria—the predicted interactions of 2a to the 

PfPK5 ATP-binding site from the molecular docking (Figure 48), >80% structural 

similarity to 2a, and commercial availability. These criteria were chosen to increase the 

likelihood of more PfPK5 selective compounds while also decreasing the time and cost 

required to achieve results relative to other SAR campaigns. 
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Table 9: 4-methylumbelliferone analogs and their binding to PfPK5 and HsCDK2.[a] 

Adapted from (84). 

 

Compound R1 R2 
HsCDK2 Kd(app) 

(µM) 
PfPK5 Kd(app) 

(µM) 

2a Me 
 

11 5 

2b Me 
 

5 3.8 

2c Me 
 

28 14 

2d Me 
 

>30 >30 

2e Me 
 

>30 >30 

2f Et 

 

>30 >30 

[a] Binding affinities determined in duplicate using the KINOMEscan® platform.  
 

Among the analogs tested, 2d–2f did not bind PfPK5 or HsCDK2 up to 30 µM. 

However, 2b and 2c displayed dose-dependent binding to both HsCDK2 and PfPK5. 

Compound 2b bound to PfPK5 with a Kd(app) of 3.8 µM and HsCDK2 with a Kd(app) of 5.0 

µM, displaying similar potency (Figure 45). In comparison, 2c bound to PfPK5 with a 

Kd(app) of 14 µM and HsCDK2 with a Kd(app) of 28 µM, yielding a second 4-

methylumbelliferone analog selective for PfPK5 over HsCDK2 (2-fold selective).  
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Figure 45: Binding of 2b (to PfPK5 (red triangles) and HsCDK2 (black circles). 

This analog retained potency similar to the parent compound 2a, but binding to 

PfPK5 was not selective from HsCDK2. Structure is shown above the plot. Data are 

shown as the average ± SD and were fit to a standard dose response equation. 

Adapted from (84). 

To be considered selective compounds by typical screening standards, the 

change in selectivity profile must be >10-fold. While the difference in binding affinity of 

2a–2c for PfPK5 over HsCDK2 is not considered parasite selective by these standards 

(Figure 46), it is significantly improved over each of the tested triazolo-diamine analogs 

as well as previously reported inhibitors of both kinases, such as SNS-032 and 

flavopiridol (50, 100). Additionally, to the best of our knowledge, 2a and 2c are the most 

PfPK5 selective compounds reported to date, marking a significant improvement in the 

field.  
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Figure 46: Fold selectivity of compounds for PfPK5 and HsCDK2 binding. 

Triazolo-diamine analogs (1a–1c) display selectivity for HsCDK2, while 4-

methylumbelliferone analogs (2a–2c) discovered via in silico screening have 

improved PfPK5 selectivity. Fold selectivity is as a ratio of Kd(app) values. Dashed red 

lines indicate ratios of -1 and 1. Data for SNS-032 and flavopiridol are from previous 

reports (50, 100). Reproduced from (84). 

For biological assays, the imine on 2a is undesirable due to its known reactivity. 

In buffer, imines can hydrolyze to produce a ketone or aldehyde. Additionally, many 

imines have been included as Pan Assay Interference Compounds (PAINS)(101) and 

thus are removed from screening libraries. After incubating 2a in buffer (pH 7.4) for 10 

min and 60 min, LC-MS analysis revealed that 2a did in fact hydrolyze to an aldehyde. 

Compounds 2b and 2c were selected to evaluate the importance of the imine and 

examine if the hydrolysis product contributes to bioactivity. Compound 2b is the 

aldehyde product of 2a, while 2c retains the imine, but includes an iodo- group that was 

predicted to hinder protein binding due to steric bulkiness. While we had anticipated no 

binding of 2c, it was able to bind PfPK5 with a Kd(app) of 14 µM, displaying only a 2.8-fold 

decrease in the PfPK5 Kd(app) relative to 2a and 3.7-fold decrease relative to 2b. In 

comparison, compounds 2d–2f, which maintain the sterics of 2a without the imine, did 
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not bind to either kinase. These observations suggest the hydrolysis products of 2a and 

2c likely bind to the ATP-binding site. In agreement with this prediction, molecular 

docking studies (XP mode, Glide) indicated that although the interactions predicted are 

different from those observed with 2a, compound 2b binds to the PfPK5 and HsCDK2 

ATP-binding sites with similar docking scores as 2a (Figure 44, Figure 47).  

 

Figure 47: Molecular docking of compound 2b, the aldehyde of 2a, into both A) 

PfPK5 (PDBID: 1V0O) and B) HsCDK2 (PDBID: 1E9H). Compound 2b loses 2 of the 3 

predicted hydrogen bonds to Leu82 of PfPK5, while interactions in HsCDK2 remain 

the same. However, similar binding energies for 2b to PfPK5 and HsCDK2 were 

observed (-7.3 and -7.0 kcal/mol, respectively). Molecular docking was completed with 

Glide XP mode (Schrödinger) and visualizations prepared in PyMol. Reproduced 

from (84). 

In order to compare the selectivity differences between the triazolo-diamine 1a 

and the 4-methylumbelliferone 2a, a comparative computational study was completed 

with 1a (Figure 48). It was predicted that 1a has a polar contact to Asp85 and Ile10 in 

PfPK5 and contacts to Asp86 and Lys89 in HsCDK2. While each of these residues are 
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known to be important for binding in these kinases (90, 99), there was no significant 

difference detected in binding energy (XP mode, Glide) for the compounds binding to 

each kinase – all were between -7.5 and -5.5 kcal/mol. These results did not reveal a 

molecular basis for the varying selectivity observed in biochemical testing and 

highlights the need for future structural studies to determine specific interactions that 

contribute to binding and the improved selectivity of 2a over the triazolo-diamine 

derivatives.  

 

Figure 48: Molecular docking of the triazolo-diamine 1a into A) PfPK5 

(PDBID: 1V0O) and B) HsCDK2 (PDBID: 1E9H) shows the predicted interactions with 

each protein. The binding energy of 1a was -5.6 kcal/mol in each kinase. Molecular 

docking was completed with Glide in XP mode (Schrödinger) and visualizations 

prepared in PyMol. Reproduced from (84). 

5.5 Host Cell and Plasmodium Inhibition with PfPK5 Inhibitors 

To assess species selectivity in a cellular context, the triazolo-diamine and 4-

methylumbelliferone derivatives were tested for activity against human hepatoma cell 
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lines (HuH7 and HepG2, with Kayla Sylvester) as well as P. falciparum Dd2 asexual 

blood stage parasites (Table 10). None of these compounds significantly inhibited 

HepG2 cells at 20 µM, but 1a and 1c were both found to reduce HuH7 viability by 25–

50% at 20 µM (Figure 49A-B). Further evaluation of this inhibition using a dose-response 

study revealed that 1a and 1c inhibited HuH7 viability with EC50 values of 67 and 107 

µM, respectively (Figure 49C). The varying inhibition activity between the two cells lines 

is likely due to differences in replication rates, where HuH7 cells double at a faster rate 

than HepG2 cells under our culture conditions.  

 

Figure 49: Liver cell cytotoxicity of triazolo-diamine (grey bars, 1a–1e) and 4-

methylumbelliferone (white bars, 2a–2f). A) Viability of HepG2 and B) HuH7 cells 

after 20 µM treatment with compounds for 48 hrs.  Data were normalized to DMSO 

control (black bar). HepG2 viability was not inhibited by >25% with any tested 

compound. Compounds 1a and 1c were the only compounds to decrease HuH7 

viability by >25%. HepG2 viability shown as average ± SEM (n = 2). HuH7 viability 

shown as average ± SD (n = 1). C) Dose-response of 1a (black) and 1c (blue) in HuH7 

resulted in EC50 values of 67 and 107 µM, respectively. Data were fit to a standard 

dose-response equation. Representative curves shown as average ± SD (n = 2). 

Reproduced from (84). 

Each of the compounds were also tested for anti-Plasmodium activity in a cell-

based assay. From an initial screen at 20 µM, 1a–1e and 2b, 2e, and 2f, were all found to 

inhibit blood stage parasites by >25% (Figure 50A). The triazolo-diamine derivatives 1a, 
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1c, and 1e were most potent, significantly reducing P. falciparum parasites by >75%. The 

4-methylumbelliferone derivative, 2f, was also able to decrease parasite load in the 

blood stage by >65% when tested at 20 µM. After a dose-response analysis, evaluation of 

the triazolo-diamine derivatives revealed that 1a had an EC50 of 0.14 µM, while 1c and 1e 

had EC50 values of 0.38 µM and 6.4 µM, respectively (Figure 50B). Analysis of the 4-

mehtylumbelliferone derivatives indicated that the parent compound 2a was not active, 

but 2f had an EC50 value of ~12 µM and 2b and 2e had EC50 values in the 20–30 µM 

range (Figure 50C).  

 

Figure 50: Anti-Plasmodium activity of triazolo-diamine (grey bars, 1a–1e) and 

4-methylumbelliferone (white bars, 2a–2f). A) P. falciparum Dd2 asexual blood stage 

viability after 20 µM treatment for 72 hrs. Parasites were assessed with DAPI nuclear 

staining and normalized to DMSO control (black bar). Data are shown as average ± 

SEM. Compounds 1a-1e and 2b, 2e, and 2f each decreased parasite load by >25%. B) 

Dose-response for 1a (red), 1b (black), 1c (purple), 1d (green), and 1e (blue) are shown. 

C) Dose-response for 2a (black), 2b (green), 2e (red), and 2f (blue) are shown. Data 

were fit to a standard dose-response equation and EC50s are listed in Table 10. Data 

collected in duplicate and are shown as average ± SD. Reproduced from (84). 
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Table 10: Cytotoxicity of triazolo-diamine and 4-methylumbelliferone 

analogues in HepG2 and HuH7 liver cells, and P. falciparum Dd2 blood stage parasite 

inhibition. Reproduced from (84). 

  HepG2 HuH7 P. falciparum Dd2
[a] 

Compound EC50 (µM) EC50 (µM) EC50 (µM) 

1a >20 67 0.14 

1b >20 >20 22.7
 

1c >20 107 0.38 

1d >250 > 20 20 

1e >250 > 20  6.4 

2a >20 >20 >20 

2b >20 >20 ~24
[b]

 

2c >20 >20 > 20 

2d >20 >20 >20 

2e >20 >20  ~20 

2f >20 >20 ~12 

[a]EC50 values determined with P. falciparum Dd2 asexual blood stage assay. 
[b]Approximate EC50 value was obtained by setting lower limit on dose-response analysis 

since complete saturation was not achieved at highest concentration tested. 
 

While these compounds did not exhibit liver cell toxicity, they selectively 

inhibited Plasmodium parasite growth.  Therefore, these series are selective for inhibiting 

Plasmodium over hepatoma cells. This observed species selectivity in cells may be due to 

the varying replication rates of Plasmodium and hepatocytes in vitro, which would make 

the parasites more susceptible to cell cycle inhibitors over the course of the 48-hour 

assay. Alternatively, the compounds may be binding to other targets in cells to influence 

parasite viability. The possibility of off-target binding would also explain the poor 
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correlation observed between PfPK5 binding and parasite inhibition. However, 

biophysical properties such as cell permeability, solubility, and 

pharmacodynamic/pharmacokinetic profiles would need to be optimized to further 

explore this trend. 

5.6 Conclusion and Future Work 

PfPK5 has been previously implicated as a Plasmodium cell cycle regulator (102), 

however, the identification of PfPK5 inhibitors to probe its function has been challenging 

due to homology to human kinases HsCDK1 and HsCDK2. An in silico strategy coupled 

with a high-throughput binding screen was successful in identifying new PfPK5-binding 

compounds. After prioritization of candidate compounds by both potency and 

selectivity for the parasite kinase over HsCDK2, the most parasite selective scaffold 

reported to date was discovered. When compared to modification of known HsCDK2 

inhibitors, the target-based PfPK5 screening appears to be a more fruitful path towards 

developing selective compounds with reduced host toxicity. The continued optimization 

of scaffolds to obtain species selectivity will be critical to generate chemical probes for 

better elucidating the function of cyclin-dependent like kinases in Plasmodium parasites 

and potential drug leads. Recent reports suggest that this kinase is not essential for 

parasite survival (57), indicating that future work on PfPK5 may be limited to probing 

Plasmodium biology with selective small molecules rather than chemotherapeutic 

development. Uncovering more details about the role of PfPK5 in the parasites cell cycle 
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and identifying other proteins/kinases that PfPK5 interacts with to regulate cell division 

may reveal a novel signaling pathway. 

5.7 Materials and Methods 

5.7.1 Compound Synthesis 

Compound 1a and a series of structural analogs (1b–1e) were synthesized by a 

member of the lab (Marisha M. Perkins), according to a previously reported procedure 

(95). All compounds were confirmed to have >95% purity based on high-resolution mass 

spectrometry (Agilent LC-MS).  

5.7.2 In silico Screen 

Molecular docking studies were conducted to predict new compounds that bind 

to PfPK5. First, 350,000 readily accessible compounds were docked onto the ATP-

binding site of PfPK5 (PDB ID: 1V0O) from a virtual library using Glide (Schrödinger) 

(103, 104), a high throughput virtual screening program. Library members were 

carefully selected to enable efficient biochemical testing of any screening active. 

Compounds were first docked using standard precision (SP) followed by extra precision 

(XP) mode to eliminate false positives and then 2D-fingerprint clustering was used to 

further eliminate false positives by estimating differences in sub-structural fragments of 

each compound. The top 182 predicted binders were selected based on docking scores 

and structural diversity.  
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5.7.3 Binding Assay 

The top scoring screening compounds were extracted (cherry picked) from 

diverse library source plates and obtained through the ICCB-Longwood Screening 

Facility (Harvard Medical School) for biochemical testing. A target-based assay was 

used to test the ability of the 182 compounds to bind to PfPK5 and HsCDK2 at 12 µM. 

The assay conducted by DiscoverX employs an active site-directed competition binding 

assay using KINOMEScan Technology (100). First, single-concentration tests were 

completed with compounds from the ICCB-Longwood Screening Facility and then 

compounds that exhibited binding to PfPK5 at 12 µM were purchased from ChemBridge 

Corporation for Kd(app) determination with both PfPK5 and HsCDK2 (KINOMEScan). All 

compounds were >95% pure. Results were plotted using GraphPad Prism for the 

primary binding assay and for Kd(app) determination where data were fit to a standard 

equation. Analogs of 4-methylumbelliferone (2b–2f, all >95% pure) were subsequently 

purchased from ChemDiv (2b) and ChemBridge Corporation (2c–2f) for further studies. 

5.7.4 Expression and Purification of Proteins  

HsCycA2 was amplified from Rc/CMV human cyclin A in plasmid #8959 

(Addgene) and HsCDK2 was amplified from human cDNA prepared from HuH7 cells. 

Each of the amplicons were cloned into pET-21a with a C-terminal His6 tag (Marisha 

Perkins). GST-PfPK5 in pGEX-6P-1 (gift from Dr. Jane Endicott), HsCDK2-His6 in 

pET21a, and HsCycA-His6 in pET21a were transformed into E.coli BL21(DE3)-CodonPlus 
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cells. Cells were grown in LB supplemented with 200 µg/mL ampicillin at 37 °C, 250 

rpm. Expression was induced at OD600 0.7–0.9 with 0.1 mM IPTG for 18 hrs at 20 °C. 

After harvesting by centrifugation, cell pellets were stored at -80 °C until purification.  

Cells expressing GST-PfPK5 were resuspended in lysis buffer (50 mM Tris-HCl, 

pH 7.5, 150 mM NaCl, 1 mM Pefabloc SC, 1 mM benzamidine, 5% glycerol, and 1 mM 

DTT) supplemented with lysozyme and cOmplete protease inhibitor. After lysis by 

sonication, the soluble fraction was batch-bound overnight at 4 °C to glutathione 

sepharose resin (GE Healthcare). The resin was washed with 3 column volumes lysis 

buffer and cleaved overnight at 4 °C using PreScission Protease (GE Healthcare). PfPK5 

was further purified by size-exclusion chromatography using a Hi-Load Superdex 

16/600 200 pg column (GE Healthcare). Purity was assessed to be >95% by SDS-PAGE 

analysis and protein identity was confirmed by MALDI.  

Cells expressing HsCDK2-His6 and HsCycA2-His6 were resuspended in lysis 

buffer (50 mM KPO4, pH 8.0, 200 mM NaCl, 1 mM Pefabloc, 1 mM benzamidine, 1mM 

imidazole, 5% glycerol, and 2-mercaptoethanol) supplemented with lysozyme and 

cOmplete protease inhibitor. After sonication, the soluble fraction was applied to Ni-

NTA agarose resin (Qiagen) and eluted using an imidazole gradient (0–150 mM). Pure 

fractions were collected, concentrated, and purity was assessed to be >95% by SDS-

PAGE analysis. Protein identity was confirmed by MALDI.  
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5.7.5 Kinase Activity Assay 

Protein phosphorylation assays were performed to assess kinase inhibition. For 

PfPK5 assays, 3 µg PfPK5 was pre-activated with 3 µg HsCycH (Creative BioMart) for 1 

hr at 37 °C in buffer (50 mM Tris, pH 7.5, 10 mM Mg(C2H3O2)2, 0.5 mM MnCl2, 0.1 mM 

EGTA, 0.1% 2-mercaptoethanol). For HsCDK2 assays, 0.5 µg PfPK5 was pre-activated 

with 0.5 µg HsCycA2 for 1 hr at 37 °C in buffer. Pre-activated kinases were incubated 

with 20 µg histone H1 (EMD Millipore) in the presence or absence of compounds for 5 

min before enzyme initiation with 5 µM ATP containing [γ-32P]ATP. The assay volume 

was 40 µl and the DMSO concentration was 1%. After 40 min at 37 °C the reaction was 

stopped with 1 M H3PO4. Samples were spotted onto Whatman P81 phosphocellulose 

paper (5 µL) and washed 3x 5 min in diluted H3PO4. The paper was air-dried and spots 

were excised for scintillation counting. Average counts per minute (CPM) were obtained 

from 30 sec measurements. The positive control was flavopiridol (90, 105). For dose-

response curves, data were fit to a standard non-linear regression (GraphPad Prism) to 

obtain IC50 values.  

5.7.6 Host Cell Inhibition Assay 

Purchased and synthesized compounds were tested for cytotoxicity in two 

different human liver cell lines (HuH7 and HepG2). Compounds (20 µM) in triplicate 

were incubated with HepG2 (15,000 cells/well) or HuH7 (7,000 cells/well) cells in 384-

well plates for 48 hrs in a standard tissue culture incubator at 37 °C. The final 
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concentration of DMSO was 1% and the assay volume was 30 µL. After 48 hrs, CellTiter-

Glo (Promega) was added to each well to quantify ATP via luminescence using an 

EnVision. Dose-response curves were generated for any compound that exhibited 

significant cytotoxicity compared to the DMSO control using GraphPad Prism.  

5.7.7 Blood Stage Plasmodium Assay 

Compounds were also evaluated for P. falciparum Dd2 inhibition using a 

previously published protocol (106). Compounds (20 µM) in duplicate were incubated 

with P. falciparum Dd2 in 384-well plates for 72 hrs with O-positive human blood in an 

atmosphere of 93% N2, 4% CO2, 3% O2 at 37 °C. The final concentration of DMSO was 

0.2% and the assay volume was 50 µL. After 72 hrs, nuclei were stained with SYBR 

Green I (Invitrogen) and fluorescence was subsequently measured using an EnVision. 

The positive control was artesunate and the negative control was DMSO. Data were 

normalized to the DMSO control and any compound that inhibited P. falciparum viability 

≥50% was selected for EC50 determination (GraphPad Prism).  
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6. Biochemical Characterization of the Plasmodium 
Shikimate Kinase 

6.1 Background 

6.1.1 The Shikimate Pathway 

In Plasmodium sp., many protein functions remain unannotated, thus a wealth of 

potential drug targets have yet to be discovered and characterized. Only ~50% of all 

Plasmodium genes have been annotated and only 8% of these have assigned functions in 

metabolism (107, 108).  However, it is known that all organisms must produce primary 

and secondary metabolites via different cellular pathways. Primary metabolites are 

small molecules essential for growth and development of an organism, while secondary 

metabolites are molecules that are important for cell activities post-development. 

Secondary metabolites are often used as metal transporting agents, competitive weapons 

against other organisms, modulators for symbiosis, signaling, and many other functions 

(109, 110). In bacteria and fungi, the shikimate pathway is one of the many synthetic 

routes used to produce primary and secondary metabolites making it essential for 

survival, and therefore is a proposed drug target in these organisms (111). Importantly, 

this pathway is not found in mammals, indicating that these critical enzymes could be 

targeted for chemotherapeutic benefits with little to no side effects in the host (112).  

In prokaryotes, such as bacteria, this is a well-studied biosynthetic process that 

uses seven individual enzymes (Figure 51) to produce the aromatic molecule chorismate 

from simple carbohydrate metabolites, phosphoenolpyruvate and erythrose 4-
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phosphate, using shikimate as an intermediate. The first enzyme (E1) is 3-Deoxy-D-

arabinoheptulosonate 7-phosphate (DAHP) synthase, followed by 3-dehydroquinate 

synthase (E2), 3-dehydroquinate dehydratase (E3), shikimate dehydrogenase (E4), 

shikimate kinase (E5), 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase (E6), and 

lastly chorismate synthase (E7).  

 

Figure 51: The well-characterized shikimate pathway in bacteria, which has 

seven enzymes (E1-E7) that convert precursor molecules phosphoenolpyruvate and 

erythrose-4-phosphate to chorismate. Three of these enzymes have bioinformatic or 

experimental evidence in Plasmodium to date (red boxes). 

In yeast, the pathway remains the same except E2-E6 are encoded as a single 

pentafunctional enzyme (ARO1/AROM) that catalyzes all 5 reactions (113). Following 

catalysis, chorismate is then utilized by cells in the synthesis of metabolites through 

additional metabolic pathways. In fact, there are at least five chorismate utilizing 
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enzymes that have been characterized in microogranisms, including chorismate mutase, 

anthranilate synthase, aminodeoxychorismate synthase, isochorismate synthase, and 

chorismate pyruvate-lysase (114). These ultimately lead to the production of primary 

aromatic metabolites such as amino acids (Trp, Tyr, and Phe), folate, and ubiquinone. 

These pathways also lead to the synthesis of aromatic secondary metabolites such as 

vitamins, coenzymes, and siderophores (114-116).  

6.1.2 Evidence for the Shikimate Pathway in Apicomplexans 

In addition to bacteria and fungi, it is known that many plants and algae contain 

the necessary genetic machinery for this pathway. There is also bioinformatic evidence 

that apicomplexan organisms, such as Toxoplasma, Cryptosporidium, and Plasmodium, 

encode the metabolic machinery to synthesize chorismate (107, 114, 117, 118). 

Apicomplexans contain a plastid organelle, the apicoplast, which was obtained from 

evolutionary divergence with a chloroplast-containing ancestor (119). The fact that this 

organelle was derived from plants or algae, which are known to have a functioning 

shikimate pathway, further supports the proposal that this pathway is present in 

apicomplexans.  

Additionally, experimental evidence indicating the importance of the shikimate 

pathway has been reported in Plasmodium previously. Two known shikimate pathway 

inhibitors that were previously used against bacteria and plants, 6-fluoro-shikimate and 

glyphosate, were used to probe the function of the pathway in the parasites. Both the 
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(6R)- and (6S)-6-fluoro-shikimate stereoisomers were found inhibit the fifth pathway 

enzyme, shikimate kinase, although the 6R isomer was 18-fold more potent than the 6S 

isomer against parasites in the blood stage (120). Glyphosate is an inhibitor of the sixth 

enzyme in the pathway, 5-enolpyruval-shikimate-3-phosphate synthase (112). Addition 

of these inhibitors to parasites in the blood stage led to failure to survive (112, 120). 

Importantly, rescue of the pathway and restoration of parasite viability was achieved by 

supplementing infected cells with an essential downstream folate intermediate, para-

aminobenzoic acid, suggesting that the shikimate pathway was the specific target of 

these inhibitors (107, 112, 120).  

6.1.3 Prior Experimental Progress in Plasmodium 

In spite of the evidence that the pathway is important for parasite survival, only 

one of the shikimate pathway enzymes has been directly studied in Plasmodium. 

Expression of the P. falciparum chorismate synthase (E7, Figure 51) was achieved in the 

early 2000s (121). This was an important stride in the field, as it was the first biochemical 

characterization of a shikimate pathway enzyme in any apicomplexan organism. It was 

determined that the enzyme localized to the cytosol, similar to the fungal enzyme, rather 

than in the apicoplast—suggesting the other enzymes in the pathway may be more 

similar to their fungal counterparts than bacterial ones. However, the enzyme was not 

fully purified due to insolubility, inclusion bodies, and truncations. Therefore, the 
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activity of the enzyme was measured using overexpressed enzyme in bacterial lysate to 

mitigate limitations presented by such a difficult protein.  

A decade after this first reported expression, another group used homology 

modeling to gain structural insights into the Plasmodium chorismate synthase and dock 

potential inhibitors in leiu of a crystal structure of the enzyme (122). This method 

remains one of the best options in the field given the difficulties posed by these 

Plasmodium, enzymes, such as low expression yields, lack of solubility, and instability. 

Although there is bioinformatic and experimental evidence for the pathway in other 

apicomplexans, including Toxoplasma gondii (112, 123), the enzymes from this organism 

also remain uncharacterized. Additionally, there are currently no crystal structures 

solved for shikimate pathway enzymes from any apicomplexan organism, highlighting 

the need for alternate routes of study on these important biosynthetic enzymes.  

The shikimate pathway was hypothesized to contain druggable targets because 

the pathway is essential for parasite survival and the enzymes have no homologs in the 

human host, which is important to prevent side effects of treatment. These shikimate 

pathway enzymes are important for understanding parasite biology and finding small 

molecule inhibitors of this essential pathway is an important chemical approach to 

probing the parasite biosynthetic capabilities. This led to our pursuit to express, purify, 

and characterize the Plasmodium shikimate kinase (SK). 
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6.2 Expression and Purification of Plasmodium SK  

6.2.1 Design of Plasmids 

P. falciparum encodes a 365 kDa protein (PF3D7_0206300) that is predicted to be 

involved in the shikimate pathway based on sequence analysis. To identify regions 

within the protein that may contribute to shikimate kinase activity, a multiple sequence 

alignment was prepared with the sequences from several organisms with well-

annotated genomes (Figure 52). The alignment included the common prokaryotic 

bacteria E. coli, M. tuberculosis, and H. pylori. Analysis of the sequence in its entirety 

(>2600 amino acids) indicated that a large portion of the protein sequence in Plasmodium 

was unaligned with sequences from these bacterial organisms. Additionally, the protein 

was predicted to contain multiple transmembrane domains using PredictProtein. In fact, 

bioinformatic analysis indicated that the protein architecture may include both 

shikimate kinase and the subsequent enzyme in the pathway, EPSP synthase. The non-

conserved regions are indicative of a pentafunctional enzyme like fungi, making this 

sequence a putative AROM polypeptide (PlasmoDB). Despite the majority of the protein 

sequence being non-conserved, it was determined that the predicted Plasmodium SK 

domain had several well conserved regions, including portions of the canonical ATP-

binding and shikimate-binding domains, as well as the Walker B motif, which is known 

to interact with shikimate during binding events. 
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Figure 52: Gene architecture and protein sequence alignment of predicted 

Plasmodium shikimate kinase. Several well-studied shikimate kinase sequences from 

prokaryotic organisms M. tuberculosis, E. coli, and H. pylori (AROK_MYCTU, 

AROK_ECOLI, and AROK_HELPY, respectively) were used to identify the region 

sufficient for shikimate kinase activity (green). The remainder of the large gene is 

interspersed with EPSP synthase-like domains (orange), transmembrane domains 

(black), and non-conserved sequence (burgundy line). The conserved portion of the 

ATP binding site is shown by red residues, the shikimate binding domain and 

canonical Walker B motif are shown by blue residues. 

The conserved regions were hypothesized to be a minimally sufficient domain 

for proper folding and activity of the enzyme, allowing circumvention of the difficult 

transmembrane domains and large size of the gene for cloning and expression. Thus, 

this conserved domain (green, Figure 52) and an additional ~40 amino acids on the C-

terminal end were chosen for experiments. These additional amino acids were included 

to ensure that the conserved active domain could be properly folded after expression.  

The bases encoding this region from P. falciparum shikimate kinase (residues 2324–2680) 

gene was codon optimized and purchased in the pJExpress404 expression vector. 

Additionally, this region of shikimate kinase was cloned from genomic P. knowlesi 
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cDNA (residues 1593–1918) into the pCR8 entry vector and inserted into pET-DEST42 

with the Gateway cloning system (by Prof. Emily Derbyshire). P. knowlesi is also a 

human infective species of the parasite and was chosen as a secondary source of 

shikimate kinase because this it has a less AT rich genome (63%) relative to P. falciparum 

(81%). Therefore, the DNA can be more easily cloned and protein sequences are easier to 

express than those from P. falciparum. These plasmids contained the hypothesized 

minimally sufficient activity domain of each shikimate kinase both with a C-terminal 

His6 tag (PfSK and PkSK). 

6.2.2 Expression of Plasmodium SK 

Expression vectors containing PfSK and PkSK domains were transformed into E. 

coli BL21(DE3) and BL21-CodonPlus(DE3) cells. Initially, 50 mL test expressions were 

completed to determine optimal conditions for protein expression/production where 

growth media, temperature, optical density (OD600) prior to induction, IPTG 

concentration, and length of induction were varied. Protein was detected with anti-His 

Western blot. The P. falciparum genome is AT rich (81%) and consequently, many of the 

translated proteins have a high asparagine (N) and lysine (K) content that can lead to 

protein aggregation in heterologous expression systems. Thus, P. falciparum protein 

expression, and in particular obtaining soluble, active protein, is often hindered by these 

difficulties. Unfortunately, the soluble PfSK construct was not obtained from any of the 

expression conditions tested. Therefore, all subsequent experiments focused solely on 
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PkSK. Many attempts to express high levels of PkSK were made using different bacterial 

expression cells, media types, and varying temperatures for growth, IPTG concentration, 

and length of expression (Table 11). 

Induction of PkSK expression was always completed by lowering the 

temperature to 18 °C to aid in proper protein folding. Expression of PkSK in S. cerevisiae 

was also completed. Often greater solubility of Plasmodium proteins in achieved in 

eukaryotic systems such as yeast when compared to more commonly utilized 

prokaryotic heterologous expression systems. The PkSK truncation was cloned from 

pCR8 into pYES-DEST52 with a C-terminal His6 tag. The protein was detected by anti-

His Western blot. There were low levels of soluble protein expression, but unfortunately 

there were still many truncations present and not enough yield for successful 

purification attempts. 
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Table 11: PkSK Expression Attempts 

Vector Cells Growth 

(media/°C) 

OD600 [IPTG]  

(mM) 

Times (hr) Achieved 

Expressiona 

pET-
DEST42 

Rosetta(DE3) LB, 37 0.8 0.5 1, 2, 4, 6, 12, 18 no 

  TB, 37 0.8 0.5 1, 2, 4, 6, 12, 18 low 

 BL21- Codon 
Plus(DE3) 

LB, 30 0.7 0.5 6, 18, 24, 48 no 

  TB, 30 0.4 0.5 2, 4, 16, 24, 40 no 

   0.6 0.1 2, 4, 15, 24 no 

    0.5  low 

    1  low 

 BL21(DE3) LB, 37 0.6 0.01 2, 4, 6, 16 no 

    0.1  low 

    0.5 3, 8, 16 no/low 

   0.8 0.5 1-6, 8, 10, 12, 18 low 

  TB, 37 0.6 0.01 2, 4, 6, 16 low 

    0.1 1, 2, 4, 6, 8, 16, 
24, 36, 48 

low 

    0.5  moderateb 

    1  moderateb 

   0.8 0.5 1, 2, 4, 6, 12, 18 low 

  LB, 30 0.4 0.5 1–5, 16, 24 moderateb 

   0.7 0.5 6, 18, 28, 45 low 

  TB, 30 0.4 0.5 16, 24 moderateb 

pYES-
DEST52 

INVSc1 SC-U 
Raffinose, 30 

0.3 2, 4, & 6% 
galactose 

1–5, 8, 16, 24, 
36, 48, 72 

no 

   0.8   low 

aExpression levels evaluated visually relative to protein marker with anti-His Western 
blot. bExpressions of full-length PkSK that resulted in equal or greater quantity of 

truncations. 
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Figure 53: Anti-His Western blot of PkSK expressions in E. coli BL21(DE3) 

cells. PkSK (42 kDa) expressed in 50 ml cultures at 18 °C. Lane 1: BenchMark; 2: 16 hr 

expression; 3: 24 hr expression.  

Based on test expressions, the highest levels of PkSK were produced in BL21-

CodonPlus(DE3) cells using terrific broth (TB), with an initial growth at 30C until OD = 

0.4-0.5, and induction with 0.5 mM IPTG at 18 C for 16 hr. Using anti-His Western blot 

analysis, a protein with the predicted mass of 42 kDa was detected, but there were also 

several truncations detected (Figure 53). To acquire larger quantities of protein, PkSK 

was expressed with these conditions in 1L volumes for purification. 

6.2.3 Purification of Plasmodium SK 

Attempts to purify the soluble portions of the kinase were made using many 

different separation methods (Table 12). Both Nickel and Cobalt affinity resins utilizing 

the C-terminal His tag were used, along with ATP and V5 epitope resins. Using Cobalt 
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and Nickel affinity resins, >30% enrichment was achieved; however, the kinase was 

mostly truncated after these preps or due to low yield, it lost during concentration steps. 

In fact, the greatest enrichment of PkSK was achieved with a low-pressure flow on Talon 

Cobalt resin. The protein was purified to >80% homogeneity as assessed by SDS-PAGE, 

however, there were less than 0.5 µg from 8-12 L purifications leading to a loss of all 

detectable protein during concentration steps. Additionally, purification results with the 

same methods were highly variable over time. It is hypothesized that the stability of the 

construct in the E. coli BL21(DE3) cells declined rapidly over time, leading to variable 

expressions and purifications. 

Table 12: PkSK Purification Attempts 

Columns Special Conditions 
Achieved 

Enrichment (%)a 

Ni-NTA Flow n/a ≤30 

 0.1% Triton 30 

 HEPES buffer, 500 mM NaCl 20 

 HEPES, 500 mM NaCl, 0.1%Triton 15 

Talon Cobalt 
Flow 

n/a 50 

 0.1% Triton ≥80 

V5 epitope 
resin 

n/a ≤25 

ATP sepharose 
Batch-binding 

1 M NaCl wash 20 

aEnrichment was assessed visually by Coomassie stained SDS-PAGE.  
 

Attempts to find alternate methods for purification were focused on enriching 

over a series of columns. PkSK was not enriched by strong anion exchange or cation 
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exchange. The kinase was completely truncated after these ion exchange columns, 

suggesting the necessary change in pH destabilized the kinase. Ultimately, the second 

best purification of PkSK was achieved with ATP resin in tandem with a Nickel affinity 

column with a HEPES based buffer containing 500 mM NaCl and 0.1% Triton. These 

steps were subsequently followed by size-exclusion chromatography. However, even 

with these three columns, the protein obtained was less than 25% pure (Figure 54). To 

determine if the PkSK expressed was active/functional, two distinct enzyme assays were 

optimized for experiments in lysate. 

 

Figure 54. Purification of PkSK using ATP resin followed by nickel affinity 

and gel filtration columns. SDS-PAGE shown left, anti-His Western blot right. Lane 1: 

BenchMark protein ladder, Lane 2: enriched PkSK sample. Full-length kinase shown 

at 42 kDa, purity ≤ 25%.  
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6.3 Evaluation of P. knowlesi Shikimate Kinase Activity in 
Lysates  

6.3.1 Assay Optimization using E. coli Shikimate Kinase 

To test if Plasmodium parasites encode a functional SK domain, studies using 

overexpressed PkSK in E. coli cell lysate were completed. First, E. coli SK (EcSK) was 

used to optimize the LC-MS-based assay. EcSK with a C-terminal His6 tag (23 kDa, kind 

gift from Chris Walsh, Harvard University) was expressed in E. coli Rosetta(DE3) cells 

for 20 hr at 18 C and purified to >98% purity via Nickel affinity resin. Protein was 

detected via anti-His Western blot (Figure 55) and identity was confirmed by MALDI. 

Following purification, a LC-MS-based assay to detect both shikimate (substrate) and 

shikimate-3-phosphate (product) was optimized using the pure kinase.  

 

Figure 55: Purified EcSK assessed by SDS-PAGE (shown left) and anti-His 

Western blot (shown right). Lane 1: BenchMark protein ladder, Lane 2: EcSK (23 kDa).  

Purified EcSK (100 nM) was incubated with 1.6 mM shikimate, 2.5 mM ATP, and 

5 mM MgCl2 at room temperature for 30 min in 20 µL buffer. Reactions were quenched 
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with tri-fluoro acetic acid and then samples were analyzed on the LC-MS. Optimal 

separation of the reaction mixture was observed when using a Scherzo SM-C18 column. 

The mass spectra were collected in negative ion mode and calculated m/z values for 

shikimate and shikimate-3-phosphate in this mode are 173.0455 and 253.0117, 

respectively. These masses (within 100 ppm) were extracted from the total ion 

chromatogram and the intact masses from the extracted chromatogram correlated 

tightly with the calculated masses (Figure 56).  

 

Figure 56: Extracted mass spectra from LC-MS analysis of EcSK activity assay 

samples. Both shikimate (shown top) and shikimate-3-phosphate (shown bottom) 

intact masses were detected with strong signal using with negative ion mode. 

Shikimate and shikimate-3-phosphate have expected m/z values of 173.0455 and 

253.0117, respectively.  
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A control sample was prepared by quenching the reaction at 0 min after addition 

of pure EcSK. In this sample, detection of masses corresponding to both the substrate 

and product was near zero. This indicates that the signal observed for shikimate-3-

phosphate in samples that were not quenched until 30 min was due to activity of the 

purified EcSK. 

6.3.2 Measuring P. knowlesi Shikimate Kinase Activity 

After establishing a LC-MS-based SK assay, 5 mL cultures of E. coli BL21(DE3) or 

BL21-CodonPlus(DE3) cells overexpressing PkSK were lysed and compared to 

untransformed cells. The concentration of total proteins in the supernatants were 

normalized using a Bradford assay prior to initiating the activity assay. Supernatants (5 

µL) were incubated with 1.6 mM shikimate, 2.5 mM ATP, and 5 mM MgCl2 for 30 min in 

20 µL buffer at room temperature and then analyzed via LC-MS. Chromatograms 

corresponding to the m/z of the reactant (173.0455) and product (253.0117) were 

extracted from the total ion chromatogram.  

In a preliminary study, the average peak areas from the extracted ion 

chromatogram (EIC) were analyzed. Peak areas for the product shikimate-3-phosphate 

at 253.0117 m/z were determined for four different samples: 1) untransformed E. coli 

BL21(DE3) cells without the shikimate in the reaction (- shikimate), 2) untransformed E. 

coli BL21(DE3) cells with 1.6 mM shikimate in the reaction (+ shikimate), E. coli 

BL21(DE3) cells overexpressing PkSK, and E. coli BL21-CodonPlus(DE3) (Figure 57). 
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Since the enzyme of interest is in bacterial lysates, untransformed cells provide a control 

for any native molecules that could contribute to signal at those m/z ratios. Non-

transformed cell lysate with spiked shikimate provides a control for any endogenous 

shikimate kinase activity that could produce shikimate-3-phosphate signal. 

 

Figure 57: LC-MS enzyme activity assay using E. coli BL21(DE3) and BL21-

CodonPlus(DE3) lysates overexpressing PkSK. Average peak areas of shikimate-3-

phosphate (253.0117 m/z) were significantly higher in both E. coli cell lines when 

PkSK was overexpressed, relative to untransformed cells (with or without shikimate 

in the reaction mixture). Statistics calculated by unpaired student t-test. *p<0.05. 

In this study, shikimate-3-phosphate was not detected in untransformed cells (-

shikimate), suggesting no endogenous shikimate-3-phosphate (or other native small 

molecule) is contributing to the product signal. In untransformed cells with shikimate 

present during the reaction (+shikimate), shikimate-3-phosphate is detected suggesting 

the endogenous enzyme is active. As an additional control, identical reactions were also 

quenched 0 min after the addition of supernatant. These all resulted in average peak 

areas near zero. After analysis of the two E. coli cell lysates with PkSK, it was determined 
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that shikimate-3-phosphate production was significantly increased in both cell lines with 

PkSK overexpressed. Additionally, the signal detected in both cell types was similar, 

therefore all subsequent data was obtained from PkSK in BL21(DE3).  

 

Figure 58: LC-MS enzyme activity assay using lysates containing PkSK. A) 

Average peak areas of shikimate (173.0455 m/z). No observed change in relative 

shikimate levels between untransformed E. coli BL21(DE3) cells and those over 

expressing PkSK. B) Average peak areas of shikimate-3-phosphate (253.0117 m/z). A 

significant increase (~80%) in product is observed when PkSK is overexpressed 

relative to untransformed cells. Representative graphs shown (n = 2). *p<0.05, student 

t-test. 

The enzyme reactions of PkSK in E. coli BL21(DE3) were examined with two 

additional independent trials (Figure 58). No significant change in the amount of 

shikimate substrate was detected between untransformed cells and those containing 

PkSK. However, the average peak area for shikimate-3-phosphate is approximately 70% 

greater (61% and 80% from independent trials) in lysate containing PkSK. These results 

suggest that the PkSK expressed in E. coli lysate is soluble, binds to the substrate 

shikimate, and produces shikimate-3-phosphate.  
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6.4 Probing Plasmodium Shikimate Kinase with Small Molecules 

6.4.1 Identification of Potential Chemical Probes 

Many small molecule inhibitors have been previously reported for shikimate 

kinases in bacteria, particularly in M. tuberculosis and H. pylori which threaten human 

health (124-126). Three small molecules, 3229-1593, F2020-0076, and F0608-0557 (Figure 

59), were previously shown to be low micromolar inhibitors in H. pylori (3229-1593) or 

M. tuberculosis (F2020-0076, F0608-0557). Shikimate kinase was identified as the most 

likely cellular target for F2020-0076 and F0608-0557 and binding to the active site of M. 

tuberculosis SK was confirmed by crystallography studies (125).  

 

Figure 59: Chemical structures of potential Plasmodium shikimate kinase 

probes. These are known potent inhibitors of M. tuberculosis shikimate kinase. 

By completing molecular dynamic simulation s using the M. tuberculosis crystal 

structure bound to ATP (PDB: 2DFT), the authors hypothesized that competitive 

binding of the remaining molecules to SK also occurs in the shikimic acid binding site of 

the enzyme, preventing substrate binding and turnover (125). These compounds were 

purchased with the hope that they could be used to probe the importance of the 

shikimate pathway in Plasmodium. In order for the compounds to be useful probes they 

would need to both inhibit Plasmodium and bind to Plasmodium SK. 
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6.4.2 Liver Stage Plasmodium Assays 

To first determine whether SK was expressed in the liver stage of Plasmodium, the 

gene expression profile of P. berghei SK (PbSK) was measured throughout liver stage 

development (Kuan-Yi Lu). P. berghei-infected HuH7 cells were collected at 50 hours 

post-infection (hpi) in triplicate and analyzed with qRT-PCR. As a control for parasite 

detection, Pb18S was measured at 50 hpi (Ct value 14.6 ± 0.127). It was observed that 

PbSK is expressed in liver stage parasites (Ct value 31.8 ± 0.233).  

Following expression analysis, known bacterial SK inhibitors were tested in a 

cell-based liver stage Plasmodium assay to probe the kinase function in the parasite. 

Assays were completed by infecting HuH7 hepatoma cells with freshly dissected P. 

berghei ANKA parasites that constitutively express luciferase. Infected cells were treated 

with compounds (0–100 µM) and the degree of infection was measured by luminescence 

at 45 hpi. The negative control was DMSO and the positive control was the Plasmodium 

liver stage inhibitor atovaquone. 

 

Figure 60: P. berghei liver stage dose-response curves with chemical probes. A) 3229-

1593, B) F2020-0076, and C) F0608-0557 all inhibit parasites (black). HuH7 viability 

(red) was not affected by >50% for 3229-1593 and F0608-0557 when tested up to 50 µM. 

Data were fit to a standard non-linear regression (n = 4). 
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All three tested compounds inhibited parasite load indicating they were cell 

permeable. Each compound was tested in four independent trials. Compound 3229-1593 

exhibited an IC50 of 13 ±  5 µM (Figure 60A), while F2020-0076 and F0608-0557 had IC50 

values of 29  ±  16 and 24  ± 10 μM, respectively (Figure 60B–C). Host liver cell viability 

was assessed with a commercially available ATPase reporter kit to determine if the anti-

Plasmodium activity was due to host cell death. HuH7 viability was not significantly 

affected (>50%) with compound concentrations up to 50 μM for 3229-1593 and F0608-

0557. Thus, these compounds inhibit parasites in a manner independent of host 

cytotoxicity, suggesting a parasite target. F2020-0076 did not decrease HuH7 viability by 

>50% when tested at ≤10 µM, but at the determined IC50, significant host cytotoxicity was 

observed. This data indicates that F2020-0076 may cause inhibition via a host target in 

addition to or in place of a Plasmodium target.  

6.4.3 Blood Stage Plasmodium Assays 

To evaluate possible inhibition in the Plasmodium blood stage, cell-based assays 

were completed (Nobutaka Kato, Broad Institute). Assays are performed by infecting 

red blood cells with P. falciparum 3D7 parasites and detecting nuclei with a fluorescent 

DAPI stain after 3 days (127). Red blood cells do not contain nuclei, therefore 

fluorescence signal is directly proportional to parasite load. The negative control was 

DMSO and the positive control was the blood stage Plasmodium inhibitor artesunate. 
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The H. pylori and one of the M. tuberculosis SK inhibitors reduced P. falciparum 

blood stage parasite load. Compounds 3229-1593 (Figure 61A) and F2020-0076 (Figure 

61B) exhibited EC50 values of 2.45 µM and 0.63 μM, respectively. Interestingly, F2020-

0076 was much more potent against blood stage parasites than liver stage parasites. 

F0608-0557 did not exhibit any activity against P. falciparum parasites in the blood stage 

even though it was active against liver stage parasites (Figure 61C). 

 

Figure 61: P. falciparum 3D7 blood stage dose-response curves with chemical 

probes. A) 3229-1593, B) F2020-0076, and C) F0608-0557. Data were fit to a standard 

non-linear regression. 

Overall, these results suggest compound 3229-1593 would be the most promising 

chemical probe for future experiments since it was the most potent compound tested 

and was active against both the liver and blood stage parasites. However, for this 

compound to be used as a probe of the shikimate pathway, binding to Plasmodium 

shikimate kinase would need to first be established.  

6.4.4 LC-MS Activity Assays with Plasmodium Inhibitors 

To examine the efficacy of the three potential small molecule probes against 

PkSK enzyme activity, the previously established LC-MS-based activity assay was 
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utilized. Lysate assays with PkSK overexpressed in BL21(DE3), with reaction conditions 

identical to those described in 4.3.2. were run in the presence of 10 µM 3229-1593, F2020-

0076, and F0608-0557 (Figure 62). A negative DMSO control was also analyzed. In this 

sample the expected increase in shikimate-3-product was observed (61% increase 

relative to non-transformed E. coli cells). Unfortunately, the three compounds did not 

significantly reduce product formation by PkSK relative to the DMSO control, indicating 

that these compounds may have a different cellular target that results in parasite 

inhibition. 

 

Figure 62: LC-MS enzyme activity assay of PkSK in lysate with potential 

probes. Average peak areas of shikimate (173.0455 m/z) shown left. No significant 

change was detected. Average peak areas of shikimate-3-phosphate (253.0117 m/z) 

shown right. As seen in previous assays, BL21(DE3) cells overexpressing PkSK 

resulted in an increase in product signal, however the three probes did not inhibit 

activity when tested at 10 µM. Representative graphs shown (n = 2). 
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6.5 Characterization of the P. knowlesi Shikimate Kinase-ATP 
Binding Interaction 

6.5.1 Optimization of Binding Assay using E. coli Shikimate Kinase 

A previously reported ATP-competitive binding assay was optimized for use 

with shikimate kinase to assess ATP affinity (63). The assay utilizes ATP-sepharose resin 

to bind the protein of interest and then compounds are added to reveal those that are 

able to compete with the ATP-binding site. To first validate the assay, purified His-

tagged EcSK (23 kDa) was bound to ATP-sepharose resin overnight, washed to remove 

unbound proteins, and then eluted with increasing concentrations of free ATP. Using 

free ATP to elute allows an approximate dissociation constant (Kd(app)) for the native ATP 

ligand to be calculated.  

 

Figure 63: ATP-competitive binding assay of EcSK. A) Elution with increasing 

concentrations of free ATP (0–100 mM) was detected by anti-His Western blot (23 

kDa). n= 2, data plotted as the average ± SD. B) Band quantification plotted against 

ATP concentration. n=2, curves were fit to a standard non-linear regression, and the 

EC50 was used to determine the Kd(app) of 89 µM. 
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Eluates were resolved by SDS-PAGE and detected with anti-His Western blot 

(Figure 63A). Bands at 23 kDa were quantified with densitometry and after subtracting 

local background signal, the band intensities were plotted against the concentration of 

ATP (Figure 63B). After fitting the data with a standard non-linear regression, the Kd(app) 

can be determined from EC50 values using an established equation that accounts for the 

concentration of ATP covalently bound on the resin and the KM of the kinase (63). 

Previous reports determined that in EcSK II the KM for ATP is 160 µM, which was used to 

calculate an approximate Kd(app) of 89 µM, from two independent assays. While the curve 

would ideally contain more data points prior to saturation, this Kd(app) value is similar to 

those determined for other bacterial organisms and since this was a control for assay 

optimization, no further curves were pursued. 

6.5.2 Measuring P. knowlesi Shikimate Kinase Binding to ATP 

In order to evaluate the Kd(app) for ATP for PkSK, lysates were used rather than 

pure protein. Supernatant from E. coli BL21(DE3) with PkSK (42 kDa) was bound to the 

ATP-sepharose resin and incubated overnight. Following incubation and washes to 

remove residual proteins, increasing concentrations of free ATP were added to compete 

off bound protein. Elution samples were resolved by SDS-PAGE and SK was detected by 

anti-His Western blot. Band intensities at 42 kDa were quantified by densitometry, 

subtracting the local background, and were plotted against the ATP concentration to 

calculate the Kd(app).  
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A dose-dependent elution of the PkSK was observed (Figure 64A). In lieu of an 

available KM for SK in Plasmodium, the KM = 160 µM for EcSK II (128) was used to 

calculate apparent Kd values. These calculations resulted in an ATP Kd(app) of 986 µM for 

P. knowlesi SK, averaged from two biological replicates (Figure 64B).  Separately, the 

amount of kinase in the flow-through was quantified by densitometry via a Western blot 

and compared to the kinase bound to resin. It was determined that approximately 25% 

of the overexpressed PkSK bound the ATP sepharose resin. While 75% of the soluble 

kinase in the supernatant was not able to bind the ATP resin, this could be due to 

improperly folded protein and highlights the challenges of acquiring functional purified 

protein.  

 

Figure 64: ATP-competitive binding assay of PkSK in BL21(DE3) lysate. A) 

Kinase elution with increasing concentrations of free ATP (0–300 mM), detected by 

anti-His Western blot. B) SK bands were quantified and plotted against ATP 

concentration. Data were fit to a standard non-linear curve. Representative Western 

blot and graph shown (n=2). The EC50 was used to determine the Kd(app) of 986 µM. 
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6.6 Exploring the Role of Active Site Residues in Binding 

To understand PkSK structure and function, an in-depth analysis of the binding 

domain and active site is required. To probe residues important for shikimate and ATP 

binding, a homology model of the predicted minimally sufficient domain was built 

using a threading algorithm on the iTASSER server (75). The model was not specifically 

generated using known shikimate kinase structures as a backbone for threading. Instead 

analyzed the primary sequence independently, which allows a homology model to be 

built with less bias and may be more accurate for studies and predictions, in lieu of a 

crystal structure for the kinase. The server algorithm predicts secondary structure motifs 

for the input sequence and searches the Protein Data Bank (PDB) for any related 

sequences or proteins containing highly related secondary structures. The server then 

uses those proteins as a backbone to thread the model (Figure 65). For the truncated 

PkSK sequence, the top five PDB entries that were identified to have similar primary and 

secondary structural similarities were 1E6C, 1CT9, 2PT5, 2ZQ5, and 1KAG. 

Interestingly, three of these are shikimate kinases from three bacteria: E. chrysanthemi, A. 

aeolicus, and E. coli. These computational data suggest that although PkSK is unique, it 

retains some structural similarities to other bacterial shikimate kinases.  
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Figure 65. Homology model of PkSK, generated from the sequence for the 

predicted active domain using unbiased threading algorithms (iTASSER).  

In other organisms, it has been shown that the ATP and shikimate ligands bind 

next to each other in the active site to more readily position the substrate for phosphate 

transfer from ATP to shikimate during catalysis. Docking studies were completed with 

shikimate and suggested that E187, D188, and R278 all face the binding pocket in close 

proximity for shikimate and/or ATP interactions (Figure 66A). Due to the position of 

shikimate, it is anticipated that ATP would bind with the adenosine moiety closest to 

E187 and D188, to allow for transfer of a phosphate to the proper hydroxyl moiety on 

shikimate (deepest in the pocket). R278 is positioned closer to shikimate for interactions 

but due to the fact that highly conserved arginine residues in other bacterial shikimate 

kinases play a key role in shikimate/ATP stabilization, it was hypothesized to be 
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potentially important for binding. These three residues were mutated to alanine using 

QuikChange site-directed mutagenesis and expressed in E. coli BL21(DE3) cells to 

determine whether these residues are critical for ATP binding.  

 

Figure 66. Site-directed mutagenesis of residues in the PkSK binding pocket. 

A) Homology model shows predicted positions for R278, E187, and D188 (colored by 

atom). Docked shikimate shown in green. ATP-binding is anticipated to be to the 

right of shikimate. B) Alanine mutants for each residue were evaluated for binding to 

ATP. Representative graph shown (n ≥ 2). C) Average Kd(app) for ATP and % protein 

bound to the ATP resin prior to competition for each generated mutant in comparison 

to WT kinase. 

 Lysates from overexpressed mutants and wild-type protein were normalized for 

total protein using a Bradford assay and then incubated with ATP-sepharose resin, and 

eluted with free ATP as described above. Samples were analyzed by anti-His Western 

blot and the band intensities were quantified. Band intensity for each mutant and the 

WT kinase were plotted against the concentration of ATP added to generate dose-

response curves (Figure 66B). The Kd(app) values were determined, along with the total % 

P. knowlesi shikimate kinase bound to the resin (Figure 66C). In these experiments, the 

WT Kd(app) was 9.5 mM, with nearly all protein bound to the resin (88%).  
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In comparison to wild-type protein, E187A had almost a 2-fold decrease in ATP 

binding efficacy, with approximately the same amount of protein bound to the ATP 

resin (79%). Mutating R278 to alanine did not appear to significantly change the ATP 

Kd(app). However, a decrease of approximately 25% of the protein bound to the resin was 

observed compared to the WT protein. The D188A mutant also appeared to have no 

effect on the Kd(app), but >30% less kinase bound to the resin, compared to the binding of 

the WT protein.  

These findings suggest that the mutations of these selected residues do not 

significantly influence the Kd(app) for ATP. However, less kinase was able to bind ATP 

initially and indicates that the mutations prevent proper folding of the kinase. Future 

studies to advance our understanding of the effects of these mutations ideally would be 

focused on obtaining direct binding constants with purified kinase for ATP and 

shikimate.  

6.7 Future Work 

This work demonstrates that the shikimate kinase encoded by Plasmodium is 

functional and the selected domain of 365 amino acids is sufficient for ATP binding and 

substrate turnover activity. The homology model reported here may provide insights 

into this enzyme for additional studies in the absence of an elucidated crystal structure. 

Understanding the role of shikimate kinase in Plasmodium biology is critical to 

elucidating secondary metabolism in the parasites. Recently, it was reported that 
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PF3D7_0206300, the gene that encodes the shikimate kinase domain, is not essential for 

P. falciparum blood stage growth (57). This suggests that the metabolites generated from 

the shikimate pathway may not be required for growth or that the parasite is able to 

acquire them from alternate sources. Many outstanding questions remain in regards to 

the compounds synthesized from the shikimate pathway and their role in Plasmodium 

parasite biology. 

6.8 Materials and Methods  

6.8.1 Materials 

HEK293T and HepG2 hepatoma cells were obtained from the Duke Cell Culture 

Facility. HuH7 cells were a kind gift from Dr. Peter Sorger (Harvard Medical School). 

Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented 

with 10% FBS and 1% antibiotic-antimycotic, and maintained in a standard tissue culture 

incubator (37 °C, 5% CO2). P. berghei ANKA infected Anopheles stephensi mosquitoes were 

purchased from the New York University Langone Medical Center Insectary. Primers 

for cloning and site-directed mutagenesis were obtained from IDT. ATP-sepharose resin 

was prepared in house according to a previously published protocol (63). Compound 

3229-1593 was purchased from ChemDiv. Compounds F2020-0076 and F0608-0557 were 

purchased from eMolecules.  
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6.8.2 P. berghei Liver Stage 

Liver stage assays were performed as previously described (62). Briefly, 15000 

HepG2 or 8000 HuH7 cells/well were seeded into 384-well plates using a multichannel 

pipette. After 1 hr at 37 °C, compounds (0–100 μM) were added to cells in duplicate or 

triplicate with 1% DMSO. P. berghei ANKA sporozoites were freshly obtained by 

harvesting salivary glands of infected A. stephensi mosquitoes and were added to the 

plate at 3000 sporozoites/well after compound incubation. The assay volume was 30 μL. 

The plates were centrifuged (1000 rpm, 10 min) and incubated at 37 °C for 45 hrs. Liver 

cell viability was assessed using CellTiter-Fluor (Promega) and parasite load was 

determined using Bright-Glo (Promega). The relative fluorescence and luminescence 

signal intensity of each well was evaluated with an EnVision and normalized to the 

negative control (DMSO). Data was fit to a standard non-linear regression and dose-

response analysis was performed with GraphPad Prism. 

6.8.3 P. falciparum 3D7 Blood Stage  

P. falciparum 3D7 inhibition assays were completed as previously reported (106).  

Briefly, P. falciparum 3D7 parasites were incubated with compounds (0.001–20 µM) in 

384-well plates for 72 hrs with O-positive human blood in 93% N2, 4% CO2, 3% O2 at 

37 °C, gassed daily. The final concentration of DMSO was 0.2% and the assay volume 

was 50 µL. Nuclei were stained with SYBR Green I (Invitrogen) in lysis buffer (20 mM 

Tris-HCl, 5 mM EDTA, 0.16% Saponin wt/vol, 1.6% Triton X vol/vol) and fluorescence 
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was subsequently measured using an EnVision (Perkin Elmer). The positive control was 

artesunate and the negative control was DMSO. Data were normalized to the DMSO 

control and fit to a standard non-linear regression for IC50 determination in GraphPad 

Prism. 

6.8.4 Expression and Purification of E. coli and Plasmodium 
Shikimate Kinases 

P. knowlesi genomic DNA was obtained from ATCC and the predicted SK 

domain was amplified by PCR using the sense and antisense primers shown in Table 13. 

The resulting PCR product was purified, att sites were added to allow recombination 

with the pDONR vector, and sequential BP and LP Clonase reactions were completed. 

This yielded a plasmid with the SK insert in pET-DEST42 in frame with a C-terminal V5 

epitope-6xHis tag. The construct was verified by sequencing (Genewiz). The predicted 

active domain of P. falciparum SK was codon optimized and purchased in the pJexpress 

404 vector containing a 6x-His tag on the C-terminus (DNA2.0). A plasmid containing E. 

coli SK with a C-terminal 6xHis tag was obtained as a kind gift from Chris Walsh at 

Harvard University Medical School. 

Table 13. PkSK Amplification Primers 

 Sequences 5’ 3’ 

Sense ATGTTATCCCCTTCTGGGGAGAAGCAACCCCTCAAAG 

Antisense GTAGCTTTTTAAACTTCTTTAATTATCAATTTTTTGTA 
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EcSK was transformed into Rosetta(DE3) competent cells for expression. 

Cultures were grown in LB media at 30 °C to OD600 = ~0.6 and then expression was 

induced with 0.5 mM IPTG for 16–18 hr at 18 °C. Cells were collected by centrifugation 

(8000 rpm, 4 °C, 10 min) and stored in the -80 °C until purification. Cell pellets were 

lysed via sonication and supernatant was clarified by centrifugation (4300 rpm, 4 °C, 2 

hr). Purification (>98%) was achieved using nickel affinity (Ni-NTA, Qiagen) and size-

exclusion chromatography, as assessed by SDS-PAGE and anti-His Western. Protein 

identity was confirmed via MALDI-TOF/TOF (AB Sciex 5800). 

For optimal PkSK expression in bacteria, the plasmid was transformed into E. coli 

BL21(DE3), cultured in Terrific Broth (TB) media supplemented with 200 μg/mL 

ampicillin at 30 °C until the OD600 reached 0.4-0.5, and expression was induced at 18 °C 

by 0.5 mM IPTG. Cells were harvested 3 hours post-induction by centrifugation, and the 

pellet was stored at -80 °C. Presence of the desired protein in lysates was confirmed 

using SDS-PAGE and anti-His Western blots. Protein identity for the parent band and 

truncations was confirmed with MALDI-TOF/TOF (AB Sciex 5800).  

An alternate expression system was used for PkSK as well. A yeast expression 

vector, pYES-DEST52, was a kind gift from Arno Greenleaf (Duke University). An 

existing pCR8 plasmid containing PkSK (Prof. Emily Derbyshire) was propagated and 

used in conjunction with the Gateway LR Clonase II system. This yielded pYES-DEST52 

containing the desired PkSK insert, which was transformed into INVSc1 cells (S. 
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cerevisiae) and expressed in YNB (yeast nitrogen base) media supplemented with 0.5% 

ammonium sulfate, 0.2% uracil drop-out media supplement, and 2% raffinose (wt/vol). 

6.8.5 Activity by LC-MS  

Purified EcSK and lysate of PkSK overexpressed in BL21(DE3) cells were each 

incubated with 1.6 mM shikimate, 100 mM NaCl, 2.5 mM ATP, and 5 mM MgCl2. at 

room temperature for 30 min in 25 mM TEA, pH 7.5. Reactions were quenched with 2% 

tri-fluoro acetic acid, and stored at -20 °C until the samples were analyzed on an Agilent 

6224 LC-MS/TOF. Optimal separation of the reaction mixture was observed using a 

Scherzo SM-C18 2x100mm 3µm column (Imtakt USA). Buffer A was 100:0.3 v/v 

H2O:formic acid and Buffer B was 2:100:0.3 v/v/v H2O:acetonitrile:formic acid. Both were 

filtered and degassed prior to use. 3 µL of each sample was injected, the flow rate was 

200 µL/min, and the gradient included 4 min at 0% B, 8 min at 40% B, and 5 min at 0% B.  

Total ion chromatographs (TIC) were analyzed by extracting ion masses at 173.0455 m/z 

for shikimate and 253.0117 m/z for shikimate-3-phosphate. Peak areas were averaged 

from technical replicates and plotted in GraphPad Prism. Data were obtained from two 

independent experiments. 

6.8.6 ATP-Competitive Binding Assay 

In order to assess binding of the Plasmodium SK in lysates, protocols were 

modified from a previously reported ATP-competitive binding assay (63). Briefly, 

purified EcSK and lysates from PkSK in E. coli BL21(DE3) were used. For lysis of PkSK E. 
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coli BL21(DE3) pellets, there were resuspended in LSWB buffer (25 mM HEPES, pH 7.4, 

150 mM NaCl, 60 mM MgCl2, 1 mM DTT) supplemented with lysozyme and cOmplete 

protease inhibitor. After a 15 min incubation on ice, cells were sonicated 4x for 15 sec at 

60% amplitude, with 60 sec on ice in between rounds. Supernatant was collected by 

centrifugation (4300 rpm, 4 °C, 2 hr) and added to ATP-sepharose resin to incubate with 

rotation at 4 °C for 14–16 hr. Following incubation, the mixture was centrifuged and 

washed with 9 column volumes of LSWB containing 1 M NaCl followed by 9 column 

volumes of LSWB to remove unbound proteins. The resin was reconstituted as a 1:1 

slurry with LSWB and 50 µL/well of the final slurry was added via a multichannel 

pipette to 96-well filter plates (Corning #3505) stacked on black 96-well catch plates 

(Corning #3915). The negative control was DMSO and 5% DMSO was maintained. ATP 

(0–300 mM for PkSK, 0–200 mM for EcSK) was added at 50 μL per well in LSWB. Plates 

were incubated at RT for 10 min and then centrifuged for 2 min at RT. Eluates were 

boiled with SDS gel-loading dye for 5 min prior to analysis by SDS-PAGE and anti-His 

Western blot. BenchMark protein marker was used and images were taken using a 

Chemi-Doc MP. The band intensity at 42 kDa was quantified in each sample (Image Lab, 

BioRad) and plotted against ATP concentration to produce binding curves. Data analysis 

was completed in GraphPad Prism. Data were fit to a standard nonlinear regression to 

acquire IC50 values. Determined IC50s were used to calculate the observed Kd(app) for ATP 
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as described previously (63) and are reported as the average of ≥2 biological 

experiments. 

6.8.7 Generation of a P. knowlesi Shikimate Kinase Homology Model 

A homology model of PkSK was constructed on the iTASSER server, which uses 

all similar protein structures and sequences in the PDB to thread the sequence of interest 

into a model. The sequence of the predicted active region was submitted to this server 

and five homology models were generated. The top five templates used by the server in 

the threading were PDB codes 1E6C, 1CT9, 2PT5, 2ZQ5, and 1KAG. These were viewed 

in PyMOL and the model with the highest threading C-score was used for further 

analysis. To assess the validity of the model, the native substrate shikimate was also 

docked into the active site using AutoDock Vina. After docking, the model containing 

the docked substrate was viewed in PyMOL to verify interactions.  

6.8.8 Site-Directed Mutagenesis of P. knowlesi Shikimate Kinase 

In PkSK, residues E187, D188, and R278 were mutated to alanine using the 

QuikChange XL site-directed mutagenesis kit (Agilent) according to the manufacturer’s 

instructions and utilizing the primers in Table 14. Each base substitution was verified by 

sequencing (Eton Biosciences). For protein expression, the plasmids were transformed 

into E. coli BL21(DE3), cultured in Luria-Bertani (LB) media supplemented with 200 

μg/ml ampicillin at 30 °C until the OD600 reached 0.4-0.5, and expression was induced at 
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18 °C with 0.5 mM IPTG. Cells were harvested 3 hours post-induction by centrifugation, 

and the pellet was stored at -80 °C prior to binding assays (described in 4.7.6). 

Table 14:  PkSK mutagenesis primers for QuikChange 

 Sequences 5’  3’ 

E187A Sense CCTTTTTGACCCTTCGAGCAGATATGGTCCTCTTTTAC 

E187A Antisense GTAAAAGAGGACCATATCTGCTCGAAGGGTCAAAAAGG 

D188A Sense CTTTTTGACCCTTCGAGAAGCTATGGTCCTCTTTTACAAC 

D188A Antisense GTTGTAAAAGAGGACCATAGCTTCTCGAAGGGTCAAAAAG 

R278A Sense GGCAACCTGGAAGAAATAATCAAAAGAGCAACGGTCCTCTTTGAAA 

R278A Sense TTTCAAAGAGGACCGTTGCTCTTTTGATTATTTCTTCCAGGTTGCC 
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7. Conclusions 

The work described here includes functional studies on the atypical protein 

kinase 9 (PfPK9), protein kinase 5 (PfPK5), and shikimate kinase (SK) in Plasmodium 

parasites, the causal agent of malaria. Experiments focused on elucidating the unique 

roles of PfPK9 in in parasite signaling cascades, understanding cell-cycle control 

regulation by PfPK5 and developing parasite selective inhibitors for this kinase, and 

characterizing the activity of shikimate kinase in the parasitic shikimate pathway.  

Work on PfPK9 revealed that the small molecules takinib and the parasite 

selective HS220 are able to reduce parasite load, yet induce liver stage parasite growth 

during later stages of infection, likely by affecting nutrient acquisition or cell-cycle 

control. Further, treatment of parasites with these compounds leads to differential K63-

linked ubiquitin signaling. Identification of the K63-linked ubiquitin substrates 

downstream of PfPK9 will be essential to understanding this signaling cascade. This 

work also describes attempts to utilize takinib-sepharose resin and a cellular thermal 

shift assay to confirm on-target binding of takinib and HS220 in live parasites. This 

important work will be ongoing in the Derbyshire lab. Additionally, active-site 

mutagenesis studies have been designed towards understanding the molecular basis for 

binding of takinib and HS220 to PfPK9. 

Finally, work on PfPK5 and the Plasmodium SK has elucidated roles in other 

important parasite pathways. The work described here on PfPK5 resulted in the first 
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report of a compound selective for the parasite kinase over the human homolog, 

HsCDK2. This 4-methylumbelliferone can be used for exploring the function of PfPK5 in 

parasite cell-cycle control regulation. Additionally, the work described on the parasite 

shikimate kinase has established an active role for the enzyme in Plasmodium and future 

work will focus on elucidating the importance of secondary metabolism to parasite 

growth and development. 
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Appendix A 

Table 15: Structural analogs of takinib evaluated for binding to PfPK9. 

 

 

Structure Binding 

Assay

Western Blotb 

Takinib 

 

+ + 

HS218 

 

+ – 

HS219 

 

– n/a 

HS220 

 

+ + 

HS221 

 

+ + 

HS222 
 

– n/a 

HS223 

 

+ + 

HS224 

 

– n/a 

HS225 

 

+ + 
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HS230 
 

+ + 

HS231 

 

– n/a 

HS232 
 

– n/a 

HS233 

 

– n/a 

HS234 

 

+ + 

HS235 

 

– – 

HS238 

 

– n/a 

aBinding determined by ATP-competitive assay relative to DMSO negative control. +, fluorescence ≥ 2-fold; –, 
fluorescence <2-fold. bValidation of binding completed using anti-GFP on Western blot. +, binding observed; 
–, binding not observed; n/a not tested by Western blot due to lack of binding in ATP-competitive assay. 
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Appendix B 

Table 16: Binding of top 182 compounds to PfPK5 and HsCDK2 at 12 µM, 

assessed by KINOMEScan competitive binding assay. Compounds were selected by 

docking studies and Glide XP scores are shown. 

# SMILES 
Docking 

Score 

PfPK5 % 
Bound to Beads 

HsCDK2 % 
Bound to Beads 

1 COc1ccc(O)c(/C=N\Nc2ncc(Cl)cc2Cl)c1 -9.856 88 87 
2 Oc1ccc(cc1)NCN1C(=O)c2ccccc2C1=O -9.833 94 87 
3 [Cl-].NC(=[NH+])NCCCC(NC(=O)c1ccccc1) 

C(=O)Nc1ccc2ccccc2c1 
-10.06 92 95 

4 Clc1ccc(cc1)NC(=O)Nc1ccc(C)c(NC(=O)Nc2ccc(Cl)cc2)c
1 

-10.04 99 90 

5 NC(=N)NCCCC(NC(=O)C1=C(c2ccc(F)cc2)C(O)c2ccc(
O)cc2O1)C(=O)O 

-11.47 97 87 

6 O=C(NC(Cc1c[nH]c2ccccc12)C(=O)OCC1OC(O)C(O)C(
O)C1O)OC(C)(C)C 

-11.70 92 83 

7 OC1OC(COC(=O)C2CCCN2C(=O)OCc2ccccc2)C(O)C(
O)C1O 

-10.94 94 85 

8 OCC1OC(Nc2ccccc2NC2OC(CO)C(O)C(O)C2O)C(O)C
(O)C1O 

-10.57 97 90 

9 OCC1OC(Nc2cccc3ccccc23)C(O)C(O)C1O -10.28 100 87 
10 [O-

][N+](=O)c1cccc(C2NC(=O)c3c(N2)sc2CCCCc32)c1O 
-9.972 100 99 

11 O=C1CC(C)(C)Cc2[nH]nc(/C=C\c3ccccc3)c12 -9.814 96 94 
12 O=c1[nH]c([O-])c([S+](C)C)c(=O)n1c1ccccc1 -10.97 82 53 
13 Fc1ccc(cc1)Oc1coc2c(CNC(Cc3ccccc3)C(=O)O)c(O)ccc2

c1=O 
-10.21 87 87 

14 [K+].CCN(CC(O)COc1ccc(cc1)C(C)(C)C)CC(O)CNS(=O
)(=O)[O-] 

-12.02 90 64 

15 Clc1ccc(NC(=O)Nc2cccc(c2)NC(=O)Nc2ccc(Cl)cc2Cl)c(
Cl)c1 

-9.880 95 85 

16 [K+].OC(COc1ccc(Br)cc1)CN(C)CC(O)CNS(=O)(=O)[O-
] 

-11.80 90 84 

17 c12c(cc(CO)cc1O)C(O[C@@H]3O[C@H](CO)[C@H]([C@
H](O)[C@H]3O)O)c(c4C2=O)cccc4O 

-11.33 100 99 

18 [C@H]1(O[C@@H]([C@@H](C[C@H](N)[C@H]2O[C@H]
3O[C@H](CN)[C@H]([C@H](O)[C@H]3O)O)NC([C@H]
(O)CCN)=O)[C@H]2O)O[C@H](CO)[C@H]([C@H](N)C
1O)O.S(O)(O)(=O)=O.S(O)(O)(=O)=O 

-10.38 100 93 

19 c(CC(NC(C(CCCCN)N)=O)C(=O)NC(CCCCN)C(O)=O
)(c1c([nH]2)cccc1)c2.C(C)(O)=O 

-10.86 97 84 

20 c1c(OCO2)c2cc(Cl)c1CN3CCCC(COC(=O)N4CC=C(N5
c6c(cccc6)N([H])C5=O)CC4)C3 

-10.27 82 86 

21 c1cc(cccc2)c2cc1CN3CC(CCC3)COC(=O)N4C(CCC4)C(
N([H])c5ccc(cccc6)c6c5)=O 

-10.24 96 93 

22 c1(COC(=O)N(C(Cc2cn(c(cccc3)c23)[H])C(N([H])[H])=
O)[H])ccc(Cl)cc1[N+]([O-])=O 

-9.522 97 80 

23 C(F)(F)(F)c1ccnc(NCCNC(CSCC(O)=O)=O)n1 -9.977 99 92 



 

168 

24 C(=O)(CNc1cccc(Cl)c1)c2ccc(cc2)Cl -9.996 97 91 
25 c1([nH]nc(c2ccccc2)c1)NC(=O)c3ccc(cc3)Cl -10.36 100 90 
26 C(NCCCCCCO)(=S)Nc1ccc(cc1Br)F -9.570 94 90 
27 N1(CNc2ccccc2SC)C(=O)c3c(cccc3)C1=O -9.829 95 90 
28 c1(C2=CC=CNC2=O)nc(c3n1Cc4cccc(F)c4)cc(c(Cl)c3)Cl -9.621 78 84 
29 n1(C2CCCCO2)cnc3c1ncnc3NCc4ccccc4 -9.496 87 77 
30 N(c1c(cc(cccc2)c2c1)NC3=O)=C3c4ccccc4NCc(cc5)ccc5F -9.807 97 85 
31 c12c(C(NC(=O)N1C)=O)n(c(SCCC(O)=O)n2)CC(O)COc

(cc3)ccc3CC 
-9.716 92 80 

32 c12c(c3c(CCCC3)s1)C(NC(SCCCC(NCCCO)=O)=N2)=
O 

-11.50 81 79 

33 c12c(c3c(CCCC3)s1)C(NC(SCC(=O)NCc4ccccc4)=N2)=
O 

-9.972 99 89 

34 c12c(C(NC(=O)N1C)=O)n(c(NCCN(C)C)n2)CC(O)COc(
cc3)ccc3[N+](=O)[O-] 

-9.573 99 88 

35 N1(NCc(cc2)ccc2Br)C(=O)c3c(N=C1c4ccc(c(OC)c4)OC)
cccc3 

-9.585 93 77 

36 c12c(c3c(CCCC3)s1)C(NC(c4c(OCCOc5ccccc5OC)ccc(c
4)[N+](=O)[O-])=N2)=O 

-9.812 74 74 

37 c12c(c3c(CCCC3)s1)C(NC(c4cc(Cl)ccc4OCCOc5ccccc5
OC)=N2)=O 

-9.995 88 75 

38 c12c(c3c(CCCC3)s1)C(NC(c4ccc(c(OC)c4)OCCOc(cc5)c
cc5C(C)CC)=N2)=O 

-9.983 95 77 

39 n1c(NCc(cc2)ccc2Cl)c3c(nc1SC(CC)C(=O)N(CC4)CCO4
)cccc3 

-9.566 93 86 

40 n1c(SCC(=O)NCc2ccco2)nc(c3c1NCCc4ccccc4)cccc3 -10.46 98 93 
41 S(N)(=O)(=O)c1ccc(cc1)CCNC(CSc2nc(cccc3)c3c(NCc(c

c4)ccc4Cl)n2)=O 
-10.79 94 96 

42 n(c(S)nn1)(C2=O)c1NC(c3c(cccc3)CC45CCCC4)=C25 -10.09 100 80 
43 n1(C2OC(C(O)C2O)CO)c(SCC)nc(C(NC=N3)=O)c13 -11.81 96 73 
44 c12c(C(NC(NC(CCCCCN3C(=O)c(c4C3=O)cccc4)=O)=

N1)=O)ncn2C5OC(C(O)C5O)CO 
-11.33 80 84 

45 S(NCCO)(=O)(=O)c(ccc(c1C2)c(c2c3)ccc3S(NCCO)(=O)
=O)c1 

-9.961 96 89 

46 c1(c2c(s3)CCCC2)c3NC(c4ccc(c(OC)c4)O)NC1=O -9.948 91 92 
47 n1c(Nc2cccc(Cl)c2)c(ncn3C(C)C)c3nc1N[C@H](C(C)C)

CC 
-9.510 92 65 

48 C(=O)(CNc1cccc(Cl)c1)c2ccc(cc2)Br -10.09 88 88 
49 c1(oc(c2n1)cccc2)Nc3nc(cccc4)c4c(O)n3 -9.504 100 92 
50 C1=C(OC\C=C(/C)\CCC(O)C(C)(C)O)c2c(cccc2)NC1=

O 
-10.14 97 97 

51 c1(OC(=O)C=C2C)c2ccc(O)c1\C=N\C3CCCCC3 -10.19 15 60 
52 C(=N/c1ccc(cc1C)O)(/N2)\C(=N\c3ccc(cc3C)O)\Nc(ccc

c4)c24 
-9.771 78 86 

53 N1(c2cccc(C)c2)C(=O)\C(=C/NCc(cc3)ccc3F)\C(NC1=
O)=O 

-9.836 84 83 

54 n1(Nc2ccccc2)c(S)nnc1NNc3ccccc3 -9.628 88 82 
55 n1(\N=C\c(ccc(c2O)O)c2)c(S)nnc1c3ccccc3 -10.61 85 84 
56 c1(c2cccc(c2)NC(CCC(O)=O)=O)[nH]c(c3n1)cc(c4c3)ccc -9.850 81 87 



 

169 

c4 

57 C(/C(C)=O)(\C(C)=O)=C/Nc(c(Cl)c1)ncc1C(F)(F)F -10.19 92 96 
58 c12c(c3c(CCCC3)s1)C(NC(c4ccc(c(OC)c4)OCC(O)=O)=

N2)=O 
-9.924 88 85 

59 c1(C(=O)OCc2ccccc2)c(C)c(c(C)[nH]1)CCN(CC)CC.Br[
H] 

-10.11 92 90 

60 c12c(c(c(C)s1)C)C(NC(c3cc(Cl)ccc3O)=N2)=O -9.659 78 83 
61 c12c(c3c(CCCC3)s1)C(NC(c4ccc(cc4)OCC(O)=O)=N2)=

O 
-9.956 78 18 

62 c12c(c3c(CCCC3)s1)C(NC(c4cccc(OC)c4O)=N2)=O -10.01 76 76 
63 c1(cc(ccc1Cl)SC)C(=O)Nc2ccc(cn2)Cl -9.583 5 78 
64 S(=O)(=O)([O-])c(ccc1c2c(CC[NH3+])c([nH]1)C)c2 -11.41 80 85 
65 C(N[C@@H](CCCNC(N)=N)C(O)=O)(=O)C(N)Cc(cc1)c

cc1O.OC(=O)C 
-10.42 93 91 

66 C1(O[C@@H]2O[C@H](CO[C@@H]3O[C@@H](C)[C@@
H]([C@@H](O)[C@H]3O)O)[C@@H]([C@H](O)[C@H]2
O)O)=C(c4ccc(cc4)O)Oc(c5C1=O)cc(cc5O)O[C@@H]6O[
C@@H](C)[C@@H]([C@@H](O)[C@H]6O)O 

-12.39 98 83 

67 C(/C(=C(\c(cccc1)c1N2)/C2=O)/N3)(=N\O)\c4c3cccc4 -11.39 75 82 
68 C(C1OC2OC(C(C(C2NC(C)=O)O)O)C)(C(C(C(CC(C3O

C(N4C(=O)NC(=O)C=C4)(C(C3(O)[H])([H])O)[H])(O)[
H])O1)O)O)NC(=O)\C=C/CC(C)C 

-12.47 75 90 

69 c1(c2c([nH]c1)cccc2)C(=O)Nc3ccccc3OC -10.59 78 78 
70 c1(cc(s2)C(O)=O)c2c3c(ccc(C)c3)NC1=O -9.643 90 82 
71 n1(CC(O)CNC(CO)(CO)CO)c2c(cc1c3ccc(cc3)OC)cccc2 -9.951 83 75 
72 N1(CCCC(=O)NCc2ccccc2Cl)C(=O)c3c(N(CC(=O)Nc4[

nH]nc(C)c4)C1=O)cccc3 
-10.08 81 74 

73 N1(CCCC(=O)NCc(ccc(c23)OCO2)c3)C(=O)c4c(N(CC(=
O)Nc5cc([nH]n5)C)C1=O)cccc4 

-10.11 100 94 

74 c1(NC(N2c3ccc(cc3)Cl)=O)c2nc(C(C)C)nc1C(N)=O -10.54 98 90 
75 N1(CCCC)C(=O)c2c(N=C1SCC(=O)c3ccc(c(O)c3)O)ccs2 -9.758 83 85 
76 c1(C)c(cccc1NCC(=O)c2ccc(cc2)OC)Cl -9.887 82 82 
77 N(CC(=O)c1ccc(cc1)OC)c2ccccc2CO -10.16 66 75 
78 c1(c2ccc(cc2)C)c(SCCNC(C)=O)c3c(cccc3)[nH]1 -9.545 90 74 
79 N(CC(=O)Nc(ccc(C)c1)c12)(C(=O)CC(C)C)C2c3ccccc3 -10.10 86 77 
80 S(NCCO)(=O)(=O)c(cc1)c2c(c1NC3=O)c3ccc2 -10.05 85 82 
81 C(F)(F)(F)c1ccnc(NCc(cc2)ccc2Cl)n1 -9.648 100 84 
82 n1[nH]c(c2c1\N=C\c3ccccc3O)cccc2 -9.902 99 88 
83 n1(c2ccccc2)c(O)nnc1SCC(=O)c3ccc(OC)cc3 -9.575 92 79 
84 c1(c2)c(nsc1Nc3ccccc3OC)[nH]c2C(=O)c4ccc(cc4)C -9.957 74 68 
85 c1(c2c([nH]n1)cccc2)NC(=O)c3cccc(OC)c3 -10.04 66 57 
86 c1(c(C)c(s2)C)c2NC(c3cccc(O)c3)NC1=O -9.917 78 85 
87 C(C(c1ccccc1)=O)(Nc2ccccc2C)NC(=O)c3ccco3 -9.649 83 73 
88 c1(NC(NC(c2ccccc2)=O)C(=O)c3cccs3)sc(c4c1C#N)CCC

C4 
-9.796 88 84 

89 n(c(S)nn1)(C2=O)c1NC(c3c(cccc3)CC4(CC)CC)=C24 -10.28 99 74 
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90 c1(c2ccccc2)c(SCCNC(Cc(ccc(c3OC)OC)c3)=O)c4c(cccc4
)[nH]1 

-9.667 92 95 

91 C1(=O)NC(=CN1c2ccc(cc2)Br)c3ccc(cc3)OC -9.970 56 89 
92 c1(oc(c2n1)cccc2)Nc(nc3)nc(c3C(OCC)=O)CN(CC4)CC

N4c5ccccc5 
-9.589 60 75 

93 c1(C(OC)=O)[nH]c(c2c1C(c3ccccc3)SCC(OCC)=O)cccc2 -9.656 72 73 
94 N(c1c(cccc1)NC2=O)=C2c3ccccc3NCC(=O)NCc(cc4)ccc

4C 
-11.29 77 81 

95 C(F)(F)(F)c1ccnc(NCCNC(=S)Nc(cccc2C(F)(F)F)c2)n1 -9.847 73 81 
96 S(=O)(=O)(CCSc1ccccc1NC(=O)Nc2ccccc2)c3ccc(cc3)Cl -9.746 87 93 
97 c(c1cccs1)(n[nH]c2NC(=S)Nc(cccc3C(F)(F)F)c3)c2 -10.13 100 96 
98 C1([H])(OC([H])(CO)C(C([H])(O)C1([H])O)([H])O)NC

(=O)Nc(ccc2C(OCC)=O)cc2 
-10.38 86 83 

99 C(Nc(cccc1C(F)(F)F)c1)(C(c2ccccc2)=O)NC(OC)=O -9.908 72 85 
100 c1(C(O)c2ccccc2)[nH]c(c3n1)cccc3 -10.13 72 78 
101 C1(C(OCC)=O)=C(COC(CNC(c2ccccc2)=O)=O)NC(=O)

N1 
-9.946 57 71 

102 c12c(CCN(C[C@]([H])(CC[C@H](O)C3C(O)=O)[C@@]3
4[H])[C@@]1([H])C4)c5c(cccc5)n2[H].O([H])[H] 

-9.615 58 71 

103 CC(C)C(=O)NC(N=C(O)C(N=CN1C2CC(C(CO)O2)O)C
13)=N3 

-10.33 77 90 

104 C(/c1c(N2)cccc1)(=C\Nc3ccccc3SC)\C2=O -10.19 86 95 
105 N1(C(O)C(O)C(O)C(CO)O)c2c(cc(C)c(C)c2)N=C(C(N3)

=O)C1=NC3=O 
-11.95 100 100 

106 n1(cnc(c(nc2NC(C(C)C)=O)O)c1n2)C3OC(C(O)C3O)C
O 

-11.59 82 86 

107 N1(CCC(O)=O)C(=O)C(SC1=O)Nc(cc2)ccc2Cl -9.743 69 87 
108 N1(CC2CCCO2)C(=O)Nc3c1nc(c4ccc(c(O)c4)OC)nc3C(

N)=O 
-10.76 56 79 

109 C1(=O)NC(=CN1c2ccc(cc2)OC)c3ccc(c(OC)c3)OC -9.942 72 67 
110 S(N)(=O)(=O)c1ccc(cc1)NC(C(=O)c2ccc(cc2)Cl)NC(=O)c

3ccco3 
-10.39 73 72 

111 c1(C2=O)c(c3c(cccc3)[nH]1)N=C(SCC(=O)NCc4ccccc4)
N2CC 

-9.874 73 73 

112 c1(C2=O)c(c3c(cccc3)[nH]1)N=C(SCC(=O)Nc4ccccc4OC
)N2CC 

-10.31 83 91 

113 N1(c2ccc(c(OC)c2)OC)C(=O)Nc3c1nc(C(CC)CC)nc3C(
N)=O 

-10.45 92 81 

114 n1c(O)c(CCC(C)C)c(nc1c2cccc(C)c2)C -9.620 95 85 
115 c12c(ccc(Oc3ccc(C(N(CCC(=O)O)C4=O)=O)c4c3)c1)C(N

(CCC(=O)O)C2=O)=O 
-10.25 82 83 

116 c1([nH]c(c2c1)CCCC2)c3n[nH]c(N)c3C#N -10.27 79 78 
117 c12c(cccc1)C(=O)NC(CN(C(=O)NCc3ccccc3)C4CCCC4)

=N2 
-10.06 85 78 

118 N1c2c(SC(CC(OCC(=O)Nc(cc3)ccc3OC)=O)C1=O)cccc2 -9.453 77 79 
119 C(C(NCCOC)=O)(C(=N)OC=C1C(=O)c2cc(ccc2O)Cl)=C

1 
-9.759 75 72 

120 S(=O)(=O)(Nc(ccc(O)c1C(=O)OCc(csc2Nc3ccccc3)n2)c1)
c4cccs4 

-10.19 77 89 

121 c1(c2c(s3)CCC2)c3NC(NC1=O)c4cccc(O)c4O -10.46 92 98 
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122 c12c(N=C(CN(CC)CC(=O)Nc(ccc3OC)cc3)NC1=O)sc(C(
OC)=O)c2C 

-9.763 88 86 

123 C1(N)=C(C(=O)COC(CCC(=Nc(c2C3=O)cccc2)N3)=O)C
(=O)NC(=O)N1CC 

-10.06 85 82 

124 N1C(=O)c2c(cccc2)N=C1C(C)OC(=O)Cn(ccc3C(F)(F)F)n
3 

-9.916 67 78 

125 C1(=O)c2c(N=C(CCC(OCc3ccccc3)=O)N1)cccc2 -10.13 80 77 
126 N1C(=O)c2c(N(C)C1c(cccc3C(F)(F)F)c3)cccc2 -9.902 68 76 
127 N1(\N=C\c(ccc(c2OC)OCC(O)=O)c2)C(=O)c3c(NC1=O

)cccc3 
-9.882 83 81 

128 N(c1c2cccc1)=C(CCC(OCC(=O)Nc(cc3)ccc3C#N)=O)C(
N2)=O 

-9.904 76 83 

129 N1(CC(=O)c2c3c([nH]c2)cccc3)C(=O)c(cccc4)c4C(C(O)=
O)=N1 

-9.907 89 88 

130 C1(=O)c2c(N=C(CN(C)CC(=O)NCc3ccccc3)N1)cccc2 -10.02 100 93 
131 C(C(=N)OC=C1C(=O)c2cc(ccc2O)Br)(C(=O)NC(C)C)=C

1 
-9.770 87 72 

132 C(=C/c(cc1OC)cc(c1O)OC)(/c(ccc(Cl)c2)c2N3)\C3=O -10.00 82 72 
133 c(cc(n1)O)(c2c1cccc2)C(=O)OCC(=O)NCc3ccco3 -9.945 77 92 
134 c1(C(O)C(O)c2ccc(Cl)cc2)[nH]c(c3n1)cccc3 -9.468 74 78 
135 C1(CCC2=O)(C(OCCCN3c4c(NC3=O)cccc4)=O)N2c5c(c

ccc5)S1 
-9.670 84 77 

136 c12c(ccs1)N=C(CN(CCc(ccc3S(N)(=O)=O)cc3)CC(NC4=
O)=Nc(c45)ccs5)NC2=O 

-10.46 78 76 

137 c1(Nc(ccc(cccc2)c23)c3)nc(CN4CC(C)CC(C)C4)nc(N)n1 -9.791 100 96 
138 C1(=Nc(c2C(=O)N1)cccc2)c(c3)n(CCN(C)C)cc3C(=O)c4

cc(ccc4O)F 
-11.10 94 97 

139 c12c(c(nc(Cc(cc3)ccc3F)n1)O)nnn2CSCC(=O)Nc(cc(C)cc
4C)c4 

-9.907 78 88 

140 c12c(c(nc(Cc(cc3)ccc3F)n1)O)nnn2CSCC(=O)Nc4cccc(O
C)c4 

-10.08 80 88 

141 c12c(c(nc(Cc(cc3)ccc3F)n1)O)nnn2CSCC(=O)Nc(cccc4C
(F)(F)F)c4 

-9.873 81 76 

142 c1(C2=O)c(c3c(cccc3)[nH]1)N=C(SCC(=O)Nc4ccccc4)N
2CC 

-10.01 79 82 

143 C1(C(=O)Nc2ccccc2F)=C(c3ccc(cc3)C)c4c(cccc4)C(=O)O
1 

-10.08 77 90 

144 c1cc(cc(c1)NC(=O)N2CCCC2)Nc3ncc(c(n3)NCCc4c[nH
]cn4)Br 

-10.83 97 22 

145 C(c1c[nH]c(cccc2)c12)C(N)C(=O)NCC(O)=O -12.08 100 87 
146 O([C@H]1C(C(O)CC(O)(C(O)=O)C1)O)C(=O)\C=C\c2

ccc(O)c(O)c2 
-9.724 86 90 

147 c(C(=O)C(OC(O1)C(O)C(O)C(O)C1COC(O2)C(O)C(O)
C(O)C2C)=C3c(cc4O)ccc4O)(c5O3)c(O)cc(O)c5 

-13.28 87 79 

148 C1(Oc(cc(c23)C=CC(=O)O2)c(O)c3)OC(C(O)C(O)C1O)
CO 

-11.52 77 87 

149 c(O)(c(C(=O)C(O)=C1c(cc2O)ccc2O)c3O1)cc(O)c3OC[C
@H](O[C@H]4O)[C@H](O)[C@@H](O)[C@@H]4O 

-13.21 90 83 

150 c1(CC2NCCc(cc(O)c(O)c3)c23)cc(O)c(O)cc1.Br -10.36 82 90 
151 c(C(=O)C=C1c(cc2O)ccc2O)(c3O1)c(O)cc(OC(O4)C(O)C

(O)C(O)C4CO)c3 
-12.07 89 91 
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152 OC1C(C(COC(=O)CCC(O)=O)OC1n2cnc(c(ncn3)N)c23)
O 

-10.77 99 96 

153 C1(C(OC2C(O)C(O)C(O)C(C)O2)C(O)C(O)C(COC(=O)
C)O1)Oc3c(O)c4c(C(C(=C(c5cc(OC)c(O)cc5)O4)O)=O)c(
c3)O 

-11.76 95 97 

154 C(=O)(C=CN1C2OC(COP([O-])(=O)OP([O-
])(=O)OP(O)([O-])=O)C(O)C2O)NC1=O 

-11.30 98 96 

155 C1(C(O)C(O)C(O)C(C)O1)OCC(C(O)C(O)C(O)C2Oc3c
c4c(C(C=C(O4)c5cc(OC)c(O)cc5)=O)c(O)c3OC)O2 

-13.09 91 93 

156 c(cc(OC(c1ccc(c(c1)OC)O)=CC2=O)c2c3O)(c3)OC4C(O)
C(O)C(O)C(COC(=O)\C=C\C)O4 

-11.67 81 97 

157 C(OC(C1O)C)(OCC(C(O)C(O)C(O)C2Oc(c3OC)cc4c(C(
=O)C=C(c5ccc(OC)cc5)O4)c3O)O2)C(O)C1O 

-11.75 90 82 

158 C1(=NC2=O)C(C(N2)=O)=Nc(c3N1CC(O)C(O)C(O)CO
P(=O)([O-])OP(=O)([O-
])OC[C@H]([C@@H](O)[C@H](C4n5cnc6c5ncnc6N)O)O
4)cc(c(C)c3)C 

-14.23 87 0.6 

159 c12c([nH]c(C3CCCC3)n1)C(=O)N(C(=O)N2CCCOC(=O
)c(ccc4S(F)(=O)=O)cc4)CCC 

-10.35 86 92 

160 P(OC[C@H]1O[C@@H](n2c(ncnc3N)c3nc2)C(O)[C@H]1
O)(OP([O-])(OP([O-])(OP(O) 
(=O)OC[C@@H]4O[C@H](n5c(ncnc6N)c6nc5)C(O)[C@@
H]4O)=O)=O)([O-])=O.[N+] 
([H])([H])([H])[H].[N+]([H])([H])([H])[H].[N+]([H])([H]
)([H])[H] 

-11.31 100 89 

161 C(/c(ccc(c1)Br)c1N2)(\C2=O)=C(\N3)/C(=N/O)/c4c3ccc
c4 

-11.22 93 96 

162 O=P(O)(O)C(C)NCc1cc(cc2NC(=O)C(=O)Nc21)Br.Cl -9.973 75 14 
163 NC(=N)NCCCC(C(OC)=O)NC(CCCc1c2cc(F)cc(F)c2[n

H]c1c1ccccc1)=O.O=C(C(F)(F)F)O 
-10.38 91 77 

164 OCC(C1(O)Cc2c(c(c3C(=O)c4c(cccc4C(=O)c3c2O)OC)O
)C(C1)OC1CC(N)C(C(O1)C)O)=O.Cl 

-9.571 82 88 

165 O=C(c1[nH]c2ccc(OC)cc2c1)c1ccccc1 -9.642 0.5 90 
166 CCCCC\C=C/C\C=C/C=C/C=C/[C@@H](SC[C@H](NC

(=O)CC[C@H](N)C(O)=O)C(=O)NCC(O)=O)[C@@H](O
)CCCC(O)=O 

-10.05 79 95 

167 OC(=O)C1=CC(=CC=C1O)N(CC1=CC=CC=C1O)CC1=
C(O)C=CC(O)=C1 

-10.05 100 91 

168 [H]C(O)(CC1OC(OC2OC(CO)C(O)C(O)C2NC(C)=O)C(
NC(=O)\C=C/CC(C)C)C(O)C1O)C1OC([H])(N2C=CC(
=O)NC2=O)C([H])(O)C1([H])O 

-12.30 87 93 

169 [H]OC(\C=C/C(O[H])=O)=O.[H]OC(\C=C/C(O[H])=O)
=O.CC(NCCc1nc[nH]c1)CCCCC(Nc2ccc(C(F)(F)F)cc2)=
O 

-9.974 95 99 

170 O[C@H]1[C@@H](O)[C@H](N2C(N=C(N)NC3=O)=C3
N(CC=C)C2=O)O[C@@H]1CO 

-11.53 87 84 

171 N1(c2cccc(Cl)c2)C(=O)C(NC1=O)Cc(c3c([nH]4)cccc3)c4 -9.888 71 78 
172 c1(C(OCC)=O)[nH]c(c2c1C(CCC(OCC)=O)=O)ccc(Cl)c2 -9.518 89 85 
173 N1(CCCCC)C(=O)c(ccc(c2)C(NCCCN3CCCCC3CC)=O

)c2NC1=O 
-10.08 89 82 

174 C(Nc1cc([nH]n1)C)(C2=O)=C(C2=O)N3CCC(CC3)C(O
CC)=O 

-9.978 82 86 

175 c12c(C(NC(=O)N1C)=O)n(c(SCC(CO)O)n2)Cc3cccc(C)c
3 

-11.67 100 96 
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176 C(=O)(c(ccnc1Nc2cccc(OC)c2)c1)Nc(cc3)ccc3OC -9.865 98 96 
177 c12c(sc(CC(C)CC3)c13)N=C(CCC(=O)N(CC4)CCC4C(

N)=O)NC2=O 
-9.852 94 82 

178 c1(C(=O)Nc(c([H])cc(c2n3)sc3NC(C)=O)c2)c4c([nH]n1)
CCCC4 

-10.39 88 76 

179 c1(NC(N2c3ccc(cc3)C)=O)c2nc(c(cccn4)c4)nc1C(N)=O -10.28 100 98 
180 N1(CC2CCCO2)C(=O)Nc3c1nc(c4cccc(OC)c4O)nc3C(N

)=O 
-10.21 96 93 

181 N12C(C=C(C)C=C1)=NC(COc3ccccc3NC(=O)Nc4cccc(
Cl)c4)=CC2=O 

-10.23 87 97 

182 c1(C(OCC)=O)c(C)c(c(C)[nH]1)CCC(=O)N(CCCC2C(N
CCCN3CCCC3=O)=O)C2 

-9.714 87 50 
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