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“We have no need of other worlds. We need mirrors. 
We don't know what to do with other worlds. 
A single world, our own, suffices us;  
but we can't accept it for what it is.” 
 
Stanisław Lem, Solaris 
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Structure, Function, and Druggability of SLC Transporters and Kinases 

Adrian Stecula 

Abstract 

All functions of a protein involve its physical interactions, however transient, with specific other 

molecules (ligands), large or small. Protein structure and its dynamics, determined by sequence, in 

turn determine which molecules are able to bind to the protein. Druggable proteins are defined as 

those whose function can be modulated with a small molecule. The contents of this dissertation 

focus on leveraging the knowledge about protein structure and changes in protein structure to 

identify small molecule modulators of protein function, thus expanding the druggable proteome. 

The studied proteins include members of the kinase and SLC transporter superfamilies, both 

important drug targets. First, we separately examine the impact of mutations on the structures of 

two kinases, FLT3 and BCR-ABL, and the resistance of these mutants to drugs. We provide a 

structure-based rationale for the cause of resistance and offer treatment alternatives. Second, we 

address the modulation of function of human organic cation transporters (OCTs), either through 

phosphorylation or structure-guided screens to discover novel small molecule inhibitors of these 

transporters. We establish that by combining docking and in vitro high-throughput screens, 

competitive and non-competitive ligands of OCTs can be predicted accurately. Third, we examine 

the quaternary structure of the human concentrative nucleoside transporters (CNTs) to gain new 

insight into their functions and use structure-guided screens to discover novel ligands to modulate 

them. We show that human concentrative nucleoside transporter 3 forms homo-oligomers, thus 

encouraging efforts on finding allosteric inhibitors. Finally, we present a large-scale study of the 

impact of cancer mutations on protein structure, with the hope of expanding the druggable 

proteome through the discovery of mutant-specific binding pockets that would allow for selective, 

functional inhibition or activation.  
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Introduction 
Protein structure depends on its sequence 

Proteins are molecular workhorses of the cell. A protein consists of a linear chain of amino acid 

residues, whose sequence determines its three-dimensional structure and dynamics, under given 

conditions.1 The 20 amino acid residue types form proteins with properties that are far more 

complex than the sum of their parts.2 Many proteins spontaneously fold into their unique native 

structures, while others require molecular chaperones,3,4 but all are the embodiment of the 

transition between 1-dimensional gene sequences storing the heritable makeup of the cell and the 

3-dimensional world of life.5 



 2 

The field of structural biology is concerned with the identification and understanding of structure 

and function of macromolecules on the molecular level.6,7 The history of structural biology begins 

with discoveries by Linus Pauling. Several years before the determination of the first high-

resolution protein structure (of myoglobin) by John Kendrew,8 Pauling working with Robert Corey 

and Herman Branson, laid the foundation by proposing regularly repeating structural elements, 

now called the α-helix and the β-sheet, to serve as the backbone of protein secondary structure.9,10 It 

was a landmark study because it implied that the conformation of the polypeptide could be 

accurately predicted if the conformational preferences of its component residues were precisely 

known. 

A major theme in structural biology is how structure determines function. Proteins are not rigid 

structures, but instead adopt a variety of conformations under native conditions.11 The (free) energy 

landscape defines all possible protein conformations and their relative concentrations.12 

Transitions between conformations are often associated with common protein functions, such as 

signaling, transport, chemical reaction catalysis, regulation, cell movement, and cytoskeleton 

assembly.6 

All functions of a protein involve its physical interactions, however transient, with specific other 

molecules (ligands), large or small. The formation of a protein-ligand complex depends on multiple 

bonds, including specific weak non-covalent interactions (e.g., electrostatic interactions, van der 

Waals interactions, π effect), the non-specific hydrophobic effect, and sometimes covalent 

interactions.13-16 The binding thus requires shape complementarity between the target (the protein) 

and the ligand.17,18 Structure and its dynamics, determined by sequence, therefore in turn determine 

which molecules are able to bind to the protein.6,19 

Changes in protein structure lead to changes in protein function 

Protein structure can be affected in numerous ways. Temperature, pH, post-translational 

modifications, mutations in amino acid sequence, and presence of small molecules such as urea20 

are all common factors that affect protein folding.21 Any change in the protein structure can have a 

significant effect on its function.6 
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Cells have evolved regulatory mechanisms that utilize this principle. For example, phosphorylation, 

the most ubiquitous of over 200 identified post-translational modifications,22 is a covalent, 

reversible, kinase-mediated transfer of a negatively charged phosphate group onto serine, 

threonine, and tyrosine amino acid residues.23 Protein phosphorylation can result in either 

activation or inhibition of protein activity. Phosphorylation can activate protein activity through 

allosteric conformational changes, as seen in glycogen phosphorylase,23 or create a recognition site 

for other proteins, such as SH2 domains of kinases such as ABL1.24 Phosphorylation can inhibit 

protein activity either by acting as a steric block, as seen in isocitrate dehydrogenase, or by 

impeding substrate recognition, as seen in CDK2. Phosphorylation can also cause order-to-disorder 

transitions, as seen in K+ channel inactivation domain, or disorder-to-order transitions, as seen in 

the CBP/CREB binding.24 

Amino acid mutations are the most direct way of altering the protein structure and dynamics. In the 

post-genome era, we have been able to sequence genomes to discover even rare inter-individual 

mutations.25-27 Mutations play a fundamental role in evolution, because they introduce variation 

into genomes, thus contributing to phenotypic variation in individual’s characteristics, including 

risk of disease.25 The analysis of this data has led to the identification of several mutation types, 

including those affecting the coding regions of the genome. While synonymous mutations (no 

change in the coding amino acid residue) can affect protein function through changes in 

transcription, splicing, mRNA transport or translation,28 non-synonymous mutations alter the 

protein sequence, thus affecting structure and possibly function. 

Non-synonymous mutations have been linked to the pathogenesis of diseases such as sickle cell 

anemia, which is caused by a hemoglobin β-chain E6V mutation.29 The mutation of a polar, 

hydrophilic residue to a nonpolar, hydrophobic residue leads to an association of hydrophobic 

regions of hemoglobin molecules in the cytoplasm, resulting in hemoglobin polymerization, and 

ultimately generation of hemoglobin fibers that damage the membrane and cytoskeleton of red 

blood cells.30 Non-synonymous mutations in proteins have also been shown to act as “driver 

mutations,” mutations that confer a growth advantage, in cancer.31 The most common mutations, 

occurring in almost every type of cancer at rates from 38% – 50%, involve the inactivation of p53, a 

tumor suppressor.32 One such mutation is the Y220C mutation, which creates a surface cavity that 

destabilizes p53.33 As seen in these examples, even a single amino acid residue substitution can have 

profound functional consequences. 
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Proteins as targets of small molecule modulators 

Rational ligand design involves the design or search for small molecules that are complementary to 

a binding site on the surface of the target, therefore allowing for the binding of the molecule.34-36 

Drugs are a subset of protein ligands that elicit a desired pharmacological effect.34,37 

Druggability is defined as “the likelihood of being able to modulate a target with a small molecule.”38 

Protein druggability depends on the presence of a binding site for a small molecule to bind to with 

high affinity and selectivity. Since our methods for binding site identification and prediction change 

over time, so does druggability.39 Thus, druggability is both a property of the protein and the current 

state of knowledge. Most successful drugs achieve their activity by competing for a binding site on a 

protein with an endogenous small molecule. Current estimates place the number of druggable 

proteins at approximately 3,000.40 

Druggability is not the only factor determining whether or not a protein becomes a drug target. The 

other major consideration is of course the protein’s link to disease. Current estimates propose that 

there are approximately 3,000 disease-modifying genes. The overlap between druggable and 

disease-modifying proteins is the current number of drug targets (approximately 1,500).40 While it 

might be difficult to increase the number of disease-modifying genes without new biological 

insights, recent efforts have expanded the number of druggable proteins and protein families. 

Historically, only the “active” or “orthosteric” sites have been considered as targets of drug 

binding.34 However, consideration of allosteric sites,41 cryptic sites,42 and covalent drugs that might 

bind to pockets with weak affinities43,44 significantly increases the number of druggable proteins. 

Protein druggability can be affected by changes in the protein structure either positively or 

negatively. In the negative case, mutations lead to structural changes that prevent drugs from 

binding and eliciting their pharmacological response. In the positive case, the structural changes 

create mutant-specific binding sites, which allow for mutant-specific modulation. Precision 

medicine is a term coined for the synthesis of established clinical protocols with molecular profiling 

to create patient-specific diagnostic, prognostic, and therapeutic strategies.45,46 Thus, because 

changes in protein structure caused by mutations and/or inter-individual genetic differences have 

the potential to affect drug response, this area of research is critical to the advancement of precision 

medicine. 
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The overall goal of this dissertation research was to use structural information to find novel ways of 

modulating protein function and to ultimately expand the druggable human proteome. The 

following are abstracts of the chapters in this dissertation. Each chapter focuses on leveraging 

knowledge about protein structure and changes in protein structure to identify small molecule 

ligands for modulating protein function. The studied proteins include members of the kinase and 

SLC transporter superfamilies, both important drug targets. 

Chapter abstracts 

In Chapter 1, we separately examine the impact of mutations on the structure of two kinases and 

the resistance of these mutants to drugs. 

First, we characterized acquired kinase domain (KD) point mutations in BCR-ABL which 

frequently cause resistance to ABL tyrosine kinase inhibitors (TKIs) in chronic myeloid leukemia 

(CML). BCR-ABL T315I is the most problematic mutation being highly resistant to all approved 

ABL TKIs except ponatinib. Ponatinib inhibits all single nucleotide substitution KD mutants but is 

vulnerable to “compound” mutations. We profiled the seven clinically reported BCR-ABL T315 

mutations and determined that three mutations were pan-resistant to all approved ABL TKIs 

(T315F/L/V). T315L confers clinical and in vitro resistance to ponatinib but is sensitive in vitro to 

the approved TKI axitinib. To prospectively guide clinical decision-making for novel T315 mutants, 

we created all 19 substitutions at the T315 residue and found that nearly all confer moderate to high 

resistance to imatinib, dasatinib, nilotinib, and bosutinib. Importantly, seven T315 mutations 

conferred less relative resistance to axitinib than to ponatinib in vitro. Further, we provided a 

structure-based rationale for the impact of clinically observed mutations that allowed us to predict 

the impact of uncharacterized mutations. 

Second, we focused on activating mutations in the FLT3 kinase, which occur in approximately 30% 

of adult acute myeloid leukemia instances, primarily consisting of internal tandem duplication 

(ITD) mutations (~25%) and point mutations in the tyrosine kinase domain (~5%), commonly at the 

activation loop residue D835. Secondary kinase domain mutations in FLT3-ITD, particularly at the 

D835 residue, are frequently associated with acquired clinical resistance to effective FLT3 tyrosine 

kinase inhibitors (TKIs). Molecular docking studies have suggested that D835 mutations primarily 

confer resistance by stabilizing an active Asp-Phe-Gly in (‘DFG-in’) kinase conformation 
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unfavorable to the binding of type II FLT3 TKIs, which target a ‘DFG-out’ inactive conformation. 

We profiled the activity of active type II FLT3 TKIs against D835 kinase domain mutants that have 

been clinically detected to date. We found that type II inhibitors (quizartinib, sorafenib, ponatinib, 

and PLX3397) retain activity against specific D835 substitutions. Modeling studies suggest that 

bulky hydrophobic substitutions (D835Y/ V/I/F) at this residue are particularly resistant, whereas 

mutations that preserve interactions between D835 and S838 are relatively sensitive (D835E/N).  

In Chapter 2, we address the modulation of function of human organic cation transporters (OCTs), 

either through phosphorylation or structure-guided screens to discover novel small molecule 

inhibitors of the transporter. 

First, we report a unique phosphorylation-dependent link between drug transporters and tyrosine 

kinase inhibitors (TKIs), which has uncovered widespread phosphotyrosine-mediated regulation of 

drug transporters. We initially found that OCTs, uptake carriers of metformin and oxaliplatin, were 

inhibited by several clinically used TKIs. Mechanistic studies showed that these TKIs inhibit the 

Src family kinase Yes1, which was found to be essential for OCT2 tyrosine phosphorylation and 

function. Yes1 inhibition in vivo diminished OCT2 activity, significantly mitigating oxaliplatin-

induced acute sensory neuropathy. Along with OCT2, other SLC-family drug transporters are 

potentially part of an extensive ‘transporter-phosphoproteome’ with unique susceptibility to TKIs. 

On the basis of these findings, we proposed that TKIs, a rapidly expanding class of therapeutics, can 

functionally modulate pharmacologically important proteins by inhibiting protein kinases essential 

for their post-translational regulation. 

Second, we identified competitive and non-competitive OCT1 interacting ligands in a library of 

1,780 prescription drugs by combining in silico and in vitro methods. Ligands were predicted by 

docking against a comparative model based a eukaryotic homolog. In parallel, high-throughput 

screening (HTS) was conducted using the fluorescent probe substrate ASP+ in cells overexpressing 

human OCT1. Thirty OCT1 competitive ligands, defined as ligands predicted in silico as well as 

found by HTS, were identified. Finally, virtual screening of 29,332 metabolites predicted 146 

competitive OCT1 ligands, of which an endogenous neurotoxin, 1-benzyl-1,2,3,4-

tetrahydroisoquinoline, was experimentally validated. We establish that by combining docking and 

in vitro HTS, competitive and non-competitive ligands of OCT1 can be predicted. 
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In Chapter 3, we examine the quaternary structure of the human concentrative nucleoside 

transporters (CNTs) to gain new insight into their function and use structure-guided screens to 

discover novel ligands to modulate their function. 

First, through a series of cysteine mutants at highly conserved positions guided by homology 

models, we cross-linked human CNT3 protomers in a cell-based assay, thus verifying the existence 

of hCNT3 homo-trimers in human cells. The presence and absence of cross-links at specific 

locations along TM9 informed us about structural differences between vcCNT and CNT3. Analysis 

of the trimerization domain using both structural modeling and sequence co-evolution analysis 

indicated that oligomerization is critical for the stability and function of hCNT3. 

Second, we describe our multi-year effort to express and purify the human CNT3 for the purpose of 

structure determination with either X-ray crystallography or single-particle electron cryo-

microscopy. An atomic or near-atomic resolution structure of the human CNT3 homo-trimer could 

provide us with insight into the dimerization interface for allosteric modulation, structural features 

governing substrate specificity, and conformational changes associated with the transport cycle. 

Despite a significant effort in which we tested several constructs, lipid extracts, detergent and 

thermostability screens, we were largely unsuccessful in obtaining even a low-resolution structure 

of the human transporter.  

Third, we virtually screened hundreds of thousands of compounds, encompassing a large, never-

before-tested chemical space, in search of novel hCNT3 ligands, both substrates and inhibitors. 

Following a virtual screen, a subset of compounds was tested in a cell-based assay. Ticagrelor, an 

FDA-approved platelet aggregation inhibitor, was identified as a novel and potent (IC50 of 6.47 ± 

1.27 µM) inhibitor of hCNT3-mediated uridine uptake. This result serves as an encouraging first 

step in structure-based screening for small molecule modulators of this important transporter 

family. 

Finally, Chapter 4 presents a large-scale study of the impact of cancer mutations on protein 

structure, with the hope of expanding the druggable proteome through the discovery of mutant-

specific binding pockets that would allow for selective, functional inhibition or activation. The 

underlying hypothesis is that mutations in cancer genes alter the thermodynamic stability of the 

mutated protein, creating new cryptic small molecule binding pockets in otherwise undruggable 
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proteins and allowing for selective targeting of the mutant but not native form of the cancer-driving 

protein. Our approach seeks to re-prioritize critical cancer mutations for therapeutic targeting in 

patients, uncover the biochemical, biological, and functional effects of these therapeutically unused 

cancer mutations, and provide mutant-selective activators and inhibitors that would unlock the 

therapeutic potential of currently undruggable tumor suppressor. PTEN, a phosphatase frequently 

mutated in cancer, is examined as a case study. 

  



 9 

References 

1. Winnacker E-L, Huber R. Protein Structure and Protein Engineering. (Winnacker E-L, Huber R, 

eds.). Berlin, Heidelberg: Springer Science & Business Media; 1988. 

2. National Research Council (US) Committee on Research Opportunities in Biology. 

Opportunities in Biology. 1989. doi:10.17226/742. 

3. Ellis RJ, van der Vies SM. Molecular chaperones. Annu Rev Biochem. 1991;60:321-347. 

doi:10.1146/annurev.bi.60.070191.001541. 

4. Laskey RA, Honda BM, Mills AD, Finch JT. Nucleosomes are assembled by an acidic protein 

which binds histones and transfers them to DNA. Nature. 1978;275(5679):416-420. 

5. Berg JM, Tymoczko JL, Stryer L. Biochemistry. W. H. Freeman; 2002. 

6. Alberts B. Molecular Biology of the Cell. Courier Corporation; 1989. 

7. Astbury WT. Molecular biology or ultrastructural biology? Nature. 1961;190:1124. 

8. Kendrew JC, Bodo G, Dintzis HM, Parrish RG. A three-dimensional model of the myoglobin 

molecule obtained by x-ray analysis. Nature. 1958. 

9. Pauling L, Corey RB, Branson HR. The structure of proteins: Two hydrogen-bonded helical 

configurations of the polypeptide chain. Proceedings of the National Academy of Sciences. 

1951;37(4):205-211. doi:10.1073/pnas.37.4.205. 

10. Pauling L, Corey RB. The pleated sheet, a new layer configuration of polypeptide chains. 

Proceedings of the National Academy of Sciences. 1951;37(5):251-256. 

11. Ansari A, Berendzen J, Bowne SF, et al. Protein states and proteinquakes. Proceedings of the 

National Academy of Sciences. 1985;82(15):5000-5004. 

12. Onuchic JN, Wolynes PG, Luthey-Schulten Z, Socci ND. Toward an outline of the topography 

of a realistic protein-folding funnel. Proceedings of the National Academy of Sciences. 

1995;92(8):3626-3630. 

13. Spolar RS, Ha JH, Record MT. Hydrophobic effect in protein folding and other noncovalent 

processes involving proteins. Proceedings of the National Academy of Sciences. 

1989;86(21):8382-8385. 

14. Pauling L. Nature of forces between large molecules of biological interest. Nature. 

1948;161(4097):707-709. 

15. Wells JA, McClendon CL. Reaching for high-hanging fruit in drug discovery at protein–protein 

interfaces. Nature. 2007;450(7172):1001-1009. 

16. Kessel A, Ben-Tal N. Introduction to Proteins. CRC Press; 2010. 



 10 

References (continued) 

17. Koshland DE. Application of a Theory of Enzyme Specificity to Protein Synthesis. Proceedings 

of the National Academy of Sciences. 1958;44(2):98-104. 

18. Koshland DE. Correlation of Structure and Function in Enzyme Action. Science. 

1963;142(3599):1533-1541. 

19. Tsai CJ, Ma B, Nussinov R. Folding and binding cascades: shifts in energy landscapes. 

Proceedings of the National Academy of Sciences. 1999;96(18):9970-9972. 

20. Bennion BJ, Daggett V. The molecular basis for the chemical denaturation of proteins by urea. 

Proceedings of the National Academy of Sciences. 2003;100(9):5142-5147. 

doi:10.1073/pnas.0930122100. 

21. Anfinsen CB. The formation and stabilization of protein structure. Biochem J. 1972;128(4):737-

749. 

22. Walsh C. Posttranslational Modification of Proteins. Roberts and Company Publishers; 2006. 

23. Johnson LN, Barford D. The effects of phosphorylation on the structure and function of 

proteins. Annu Rev Biophys Biomol Struct. 1993;22(1):199-232. 

doi:10.1146/annurev.bb.22.060193.001215. 

24. Johnson LN. The regulation of protein phosphorylation. Biochem Soc Trans. 2009;37(Pt 

4):627-641. doi:10.1042/BST0370627. 

25. Sachidanandam R, Weissman D, Schmidt SC, et al. A map of human genome sequence variation 

containing 1.42 million single nucleotide polymorphisms. Nature. 2001;409(6822):928-933. 

doi:10.1038/35057149. 

26. Lander ES, Linton LM, Birren B, et al. Initial sequencing and analysis of the human genome. 

Nature. 2001;409(6822):860-921. doi:10.1038/35057062. 

27. Lander ES, Linton LM, Birren B, et al. Initial sequencing and analysis of the human genome. 

Nature. 2001;409(6822):860-921. doi:10.1038/35057062. 

28. Goymer P. Synonymous mutations break their silence. Nat Rev Genet. 2007;8(2):92-92. 

29. Ingram VM. A specific chemical difference between the globins of normal human and sickle-

cell anaemia haemoglobin. Nature. 1956;178(4537):792-794. 

30. Barabino GA, Platt MO, Kaul DK. Sickle cell biomechanics. Annu Rev Biomed Eng. 

2010;12(1):345-367. doi:10.1146/annurev-bioeng-070909-105339. 

31. Stratton MR, Campbell PJ, Futreal PA. The cancer genome. Nature. 2009;458(7239):719-724. 

doi:10.1038/nature07943. 



 11 

References (continued) 

32. Olivier M, Hollstein M, Hainaut P. TP53 mutations in human cancers: origins, consequences, 

and clinical use. Cold Spring Harb Perspect Biol. 2010;2(1):a001008-a001008. 

doi:10.1101/cshperspect.a001008. 

33. Boeckler FM, Joerger AC, Jaggi G, Rutherford TJ, Veprintsev DB, Fersht AR. Targeted rescue 

of a destabilized mutant of p53 by an in silico screened drug. Proc Natl Acad Sci USA. 

2008;105(30):10360-10365. doi:10.1073/pnas.0805326105. 

34. Baron R, ed. Computational Drug Discovery and Design. Vol 819. New York, NY: Springer New 

York; 2012. doi:10.1007/978-1-61779-465-0. 

35. Teague SJ. Implications of protein flexibility for drug discovery. Nat Rev Drug Discov. 

2003;2(7):527-541. doi:10.1038/nrd1129. 

36. Robertson JG. Mechanistic Basis of Enzyme-Targeted Drugs. Biochemistry. 2005;44(15):5561-

5571. doi:10.1021/bi050247e. 

37. Tozer TN, Rowland M. Introduction to Pharmacokinetics and Pharmacodynamics. Lippincott 

Williams & Wilkins; 2006. 

38. Owens J. Determining druggability. Nat Rev Drug Discov. 2007;6(3):187-187. 

doi:10.1038/nrd2275. 

39. Kozakov D, Hall DR, Napoleon RL, Yueh C, Whitty A, Vajda S. New Frontiers in Druggability. J 

Med Chem. 2015;58(23):9063-9088. doi:10.1021/acs.jmedchem.5b00586. 

40. Hopkins AL, Groom CR. The druggable genome. Nat Rev Drug Discov. 2002;1(9):727-730. 

doi:10.1038/nrd892. 

41. Christopoulos A. Allosteric binding sites on cell-surface receptors: novel targets for drug 

discovery. Nat Rev Drug Discov. 2002;1(3):198-210. doi:10.1038/nrd746. 

42. Cimermancic P, Weinkam P, Rettenmaier TJ, et al. CryptoSite: Expanding the Druggable 

Proteome by Characterization and Prediction of Cryptic Binding Sites. J Mol Biol. 

2016;428(4):709-719. doi:10.1016/j.jmb.2016.01.029. 

43. Singh J, Petter RC, Baillie TA, Whitty A. The resurgence of covalent drugs. Nat Rev Drug 

Discov. 2011;10(4):307-317. doi:10.1038/nrd3410. 

44. London N, Miller RM, Krishnan S, et al. Covalent docking of large libraries for the discovery of 

chemical probes. Nat Chem Biol. 2014;10(12):1066-1072. doi:10.1038/nchembio.1666. 

45. Mirnezami R, Nicholson J, Darzi A. Preparing for Precision Medicine. N Engl J Med. 

2012;366(6):489-491. doi:10.1056/NEJMp1114866. 



 12 

References (continued) 

46. Giacomini KM, Yee SW, Ratain MJ, Weinshilboum RM, Kamatani N, Nakamura Y. 

Pharmacogenomics and patient care: one size does not fit all. Science Translational Medicine. 

2012;4(153):153ps18-153ps18. doi:10.1126/scitranslmed.3003471. 

 

  



 13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1: 

Structural Impact of 
Mutations on Resistance of 
Tyrosine Kinases to 
Inhibitors 
There are approximately 500 kinases in the human genome.1 By definition, each of them performs 

the catalysis of phosphorylation of a target protein, where the γ-phosphate from ATP is transferred 

onto the hydroxyl groups of serine, threonine, or tyrosine residue, thus regulating its biological 

activity.2 The reversible phosphorylation of proteins is one of the most critical post-translational 

modifications within cells, as it is a universal, ubiquitous mechanism for cellular control and signal 

transduction.2 Thus, kinases are involved in the vast majority of cellular processes, including 

metabolism, transcription, cell movement, apoptosis, cell cycle control, and differentiation.1 
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A recent survey of human disease due to germline mutations in kinases implicated 50 of 

approximately 500 kinases as the predominant cause for specific neurological disorders, skeletal 

disorders, haematological and vascular disorders, immunological disorders, and metabolic 

disorders.3 In terms of germline and somatic mutations in cancer, protein kinases are the most 

frequently mutated family of genes to contribute to neoplastic malignancies.3,4 Many kinases act as 

tumor suppressors in healthy cells, and mutations often lead to disregulation of pathways they 

control. Due to their central role in the pathogenesis of human cancers, they have emerged as one of 

the most important drug target families. Approximately 30 kinase inhibitors with activity against 

one or multiple kinases currently approved for clinical use.5 

Tyrosine kinases are a large subfamily of the human kinome composed of 90 members1 that 

specifically phosphorylates tyrosine residues. They have been implicated in a wide variety of human 

tumors, including chronic myelogenous leukemia (CML), breast cancer, lung cancer, and 

gastrointenstinal tumors. These tumours display large-scale activation of tyrosine kinase activity.6 

Inhibitors of tyrosine kinases have been shown to be safe and effective for specific tumor types. The 

most prototypical example is imatinib, marketed in the United States by Novartis under the name 

Gleevec.7 It targets the constitutively active BCR-ABL fusion protein, a hallmark of CML, resulting 

from a translocation between chromosomes 9 and 22 that juxtaposes the sequences of the bcr and c-

abl genes.6 The elucidation of the structural mechanism of imatinib inhibition of BCR-ABL was 

instrumental in the development of other tyrosine kinase inhibitors (TKIs).8 

The first crystal structure of a eukaryotic kinase, the catalytic subunit of protein kinase A, was 

determined in 1991.9 The same protein kinase fold has since been seen in over 5,000 human kinase 

structures (PDB search on December 18, 2016), and is extremely conserved among all serine, 

threonine, and tyrosine kinases.10 In general, kinases are made up of two domains, the N-terminal 

lobe composed of a 5-stranded β-sheet and an α-helix, and a C-terminal lobe composed primarily of 

α-helices (Figure 1.1). The ATP binding site is located between the two lobes. A central loop, known 

as the activation loop, once phosphorylated, stabilizes the kinase in the active conformation 

compatible with ATP binding. It can undergo large conformational changes between inactive and 

active states.10 The conformation of the loop is closely coupled to the highly conserved DFG motif 

(aspartic acid – phenylalanine - glycine), residing at its base.  
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Figure 1.1 Cartoon representation of the active and autoinhibited states of c-Kit tyrosine kinase. Co-crystal 
structure of the active c-Kit (PDB ID 1PKG)(ref. 11) with ADP is shown on the left. The hinge region (yellow) connects 
the N (blue) and C (pink) lobes. The activation loop (green) is shown in the DFG-in conformation. Crystal structure of 
the autoinhibited c-Kit (PDB ID 1T45)(ref. 12) is shown on the right. The activation loop is shown in the DFG-out 
conformation.  
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The placement of the loop governs the accessibility of the ATP binding site to the inhibitors. At least 

two types of inhibitors have been identified. Type II inhibitors exhibit a binding mode compatible 

only with the inactive DFG-out activation loop conformation. In addition to the ATP binding site, 

these inhibitors access an allosteric pocket adjacent to it. Imatinib, is an example of a type II 

inhibitor. In contrast, Type I inhibitors are compatible with numerous activation loop 

conformations, and do not require a specific DFG-in or DFG-out conformation.13 Mutations 

affecting the activation loop conformation are thus predicted to affect type II inhibitor binding, but 

not type I inhibition. 

Mutations within ATP binding site frequently confer resistance to both type I and type II 

inhibitors. By directly affecting inhibitor binding, they represent cases that are difficult to treat 

with first or second generation inhibitors.6 Many of the TKIs currently on the market rely on a 

conserved threonine (ABL residue T315) for binding specificity.14 It has been termed the 

“gatekeeper” residue15, because it controls access to the allosteric pocket adjacent to the ATP 

binding site. The T315I mutation itself accounts for approximately 20% of clinically reported 

resistance.14,16 Next-generation inhibitors are being actively developed against specific mutations. 

Ponatinib, for example, has been designed to be compatible with the isoleucine side chain by 

circumventing it with a linear carbon-carbon triple bond.17 

This chapter rationalizes the drug resistance in the current treatment of leukemia in terms of 

structures of kinases ABL1 and FLT3. The first section examines the resistance of all currently 

approved ABL TKIs against novel clinical mutations at the gatekeeper residue of BCR-ABL. It 

presents a VEGFR TKI axitinib as a valuable option for the treatment of the resistant cases, 

providing an example of repurposing an already approved drug. The second section examines 

mutations within the activation loop of FLT3, a receptor tyrosine kinase frequently targeted in 

acute myeloid leukemia. It proves that all activation loop mutations are not equally destabilizing to 

type II inhibitors and calls for the inclusion of patients with the sensitive mutations in clinical trials 

of new type II TKIs.  
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Novel TKI-resistant BCR-ABL gatekeeper residue mutations retain in 
vitro sensitivity to axitinib 

The contents of this section have been published in an abbreviated form in the following article: 

Novel TKI-resistant BCR-ABL1 gatekeeper residue mutations retain in vitro sensitivity to axitinib. 

Elisabeth A Lasater, Evan S Massi, *Adrian Stecula, Julieta Politi, Sophia K Tan, Catherine C Smith, 
Martha Gunthorpe, Jarrod P Holmes, Farid Chehab, Andrej Sali, and Neil P Shah 
Leukemia. 2016;30(6):1405. 

*The author’s contribution included comparative structure modeling of the BCR-ABL T315 

mutants to rationalize ponatinib resistance and the development of a SOAP-Protein score-based 

model to predict the ponatinib IC50 values for uncharacterized mutants. 

Abstract 

Acquired kinase domain (KD) point mutations in BCR-ABL are the most frequent cause of 

resistance to ABL tyrosine kinase inhibitors (TKIs) in chronic myeloid leukemia (CML). BCR-ABL 

T315I is the most problematic mutation being highly resistant to all approved ABL TKIs except 

ponatinib. Ponatinib inhibits all single nucleotide substitution KD mutants but is vulnerable to 

“compound” mutations. We profiled the seven BCR-ABL T315 mutations that have been clinically 

reported and identified that three mutations are pan-resistant to all approved ABL TKIs 

(T315F/L/V). T315L confers clinical and in vitro resistance to ponatinib but is sensitive in vitro to 

the approved TKI axitinib. To prospectively guide clinical decision-making for novel T315 mutants, 

we created all 19 substitutions at the T315 residue and found that nearly all confer moderate to high 

resistance to imatinib, dasatinib, nilotinib and bosutinib. Importantly, seven T315 mutations confer 

less relative resistance to axitinib than to ponatinib in vitro. Further, we provide a structure-based 

rationale for the impact of clinically observed mutations that allowed us to predict the impact of 

uncharacterized mutations. Clinical trial evaluation of axitinib in the setting of select T315 mutants 

is warranted, and medicinal chemistry efforts are needed for the treatment of pan-resistant T315 

mutants identified herein. 
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Introduction 

Tyrosine kinase inhibitor (TKI) therapy has revolutionized the treatment of chronic myeloid 

leukemia (CML) and other cancers, but acquired TKI resistance due to secondary kinase domain 

(KD) mutations in BCR-ABL represents a commonly encountered clinical problem. The prototypic 

ABL TKI imatinib is vulnerable to a large number of resistance-conferring secondary KD 

mutations.1 The clinical management of imatinib-resistant disease has been successfully guided by 

in vitro studies of mutant sensitivities to alternative TKIs, which are largely predictive of clinical 

responsiveness.18-23 

Mutations of the “gatekeeper” residue (T315 in BCR-ABL), which restricts access to a deeper 

hydrophobic pocket within the kinase,24 have been particularly problematic not only for ABL 

TKIs,18-22,25 but for inhibitors of numerous other pathologically activated kinases including KIT,26 

epidermal growth factor receptor (EGFR),27 anaplastic lymphoma kinase (ALK),28 and fms-like 

tyrosine kinase-3 (FLT3).29 The nature of the observed substitution is influenced by the native 

gatekeeper codon and in BCR-ABL, an isoleucine substitution (T315I) has been most commonly 

reported at this position. EGFR has a different codon for threonine at this position, and TKI-

resistant methionine substitutions are commonly identified.27 Gatekeeper substitutions can confer 

TKI resistance through one or more of several mechanisms, including steric hindrance,30 increased 

ATP affinity,31 altered kinase conformation dynamics,14 and altered substrate preference.32  

Resolution of the ABL-imatinib co-crystal structure demonstrated that imatinib binds to an 

inactive kinase confirmation8 and that the threonine residue at position 315 makes a critical, 

stabilizing hydrogen bond with imatinib. The second-generation ABL TKIs dasatinib33 and 

nilotinib34 also make critical contact with the 315 residue, while bosutinib makes extensive van der 

Waals contacts with this residue,35 thereby providing a structural rationale for the vulnerability of 

these TKIs to the T315I mutation. Alternative amino acid substitutions at this residue have been 

associated with acquired clinical resistance to particular ABL TKIs, including T315A36 which 

confers resistance to dasatinib but not other TKIs,37,38 and T315N which has been rarely described 

in patients with resistance to imatinib.39 

The third generation ABL TKI ponatinib was rationally designed based upon the structure of ABL 

T315I. Ponatinib does not rely upon hydrogen bonding to the gatekeeper threonine, but utilizes a 
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triple bond to skirt around the bulky isoleucine substitution.23 Ponatinib represents the only 

approved TKI option for BCR-ABL T315I mutant CML. While ponatinib can be highly active in this 

setting, it is unfortunately associated with a substantial risk of thrombotic events,40 and alternative 

strategies may be required for safe long-term management of T315I-associated CML. Due to its 

invulnerability to amino acid substitutions resulting from a single nucleotide change, ponatinib has 

been referred to as a “pan-BCR-ABL” inhibitor.23 However, select “compound” mutations, which 

can create two or more amino acid substitutions or alternatively a single amino acid substitution if 

both nucleotide changes occur within the same codon, have been shown to confer ponatinib 

resistance in vitro and clinically.41 While compound mutations can be commonly detected following 

acquired resistance to sequential ABL TKI therapy,36,42,43 they can also occasionally be detected 

following TKI monotherapy.43,44 

A mutagenesis screen of BCR-ABL T315I identified compound mutations that could arise on the 

T315I backbone and confer acquired resistance to ponatinib; highly resistant compound mutants 

primarily at positions Y253 and E255 (i.e. T315I in addition to mutation at Y253 or E255) were 

described.23 Moderately resistant compound T315 mutants were also identified in vitro and recently 

the BCR-ABL T315M mutation was identified in a patient that progressed while on ponatinib 

therapy.41 With the increasing prevalence of CML, the extensive use of sequential ABL TKI therapy 

and the ability to more effectively suppress mutants that arise from single nucleotide change, it is 

expected that compound mutations will be increasingly encountered in the clinical management of 

CML. However, due to the nature of the mutagenesis screens that identify resistance to ABL TKIs, 

clinically problematic compound mutations are not easily predictable, and the resistance profile for 

these mutations when they arise is largely unknown.  

Here we profile the seven BCR-ABL gatekeeper mutations that have been clinically described to 

date including a compound T315L mutation that we identified in a patient following dasatinib 

monotherapy and found to confer in vitro pan-resistance to all approved ABL TKIs and clinical 

resistance to ponatinib. Encouragingly, we demonstrate that this mutant is sensitive in vitro to the 

approved vascular endothelial growth factor receptor (VEGFR) TKI axitinib, which has been 

reported to have affinity for the ABL T315I mutant45 and has shown the potential for clinical 

activity in a single case of BCR-ABL T315I mutant CML.46 In order to prospectively identify other 

problematic compound gatekeeper mutations for ponatinib and to help guide clinical decision-

making, we generated all possible amino acid substitutions at the T315 residue of BCR-ABL and 
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assessed the impact on sensitivity to all five approved ABL TKIs (imatinib, dasatinib, bosutinib, 

nilotinib and ponatinib) as well as axitinib. Further, we rationalized the impact of clinically 

observed mutations against ponatinib using comparative structural models, which enabled us to 

successfully predict resistance of uncharacterized mutations. In all, we identified a total of nine 

T315 substitutions that confer a high degree of resistance to ponatinib in vitro. Each of these 

mutants is highly resistant to all other approved ABL TKIs, but several retain sensitivity to axitinib. 

Therefore, clinical trial evaluation of axitinib in patients with select T315 mutants is warranted. 

Materials and methods 

Patients All patients gave informed consent for the collection of samples according to the 

Declaration of Helsinki. All research involving human subjects was approved by the Institutional 

Review Board at the University of California, San Francisco (UCSF). 

Cell lines Ba/F3 cells were propagated in RPMI-1640 with 10% fetal bovine serum (FBS; Omega 

Scientific) supplemented with murine IL3 (Peprotech).  

Tyrosine kinase inhibitors Axitinib, bosutinib and nilotinib were purchased from Selleckchem. 

Dasatinib and imatinib were purified at the University of California, San Francisco (UCSF). 

Ponatinib was a kind gift from ARIAD Pharmaceuticals. 

BCR-ABL T315 mutant cell lines Kpn1-BsrG1 fragments of ABL containing the appropriate T315 

mutation were synthesized by Integrated DNA Technologies (IDT) and ligated into a Kpn1(-) 

Bluescript-BCR-ABL plasmid. The SalI-EcoRI fragment from Bluescript-BCR-ABL was isolated 

and ligated with the EcoRI-ClaI and ClaI-SalI fragments from MSCVpuro-BCR-ABL. Plasmid 

stocks were co-transfected with EcoPack into 293T cells grown in DMEM with 10% FBS using 

TransIT-LT1 (Mirus) transfection reagent per manufacturer’s protocol. Viral supernatant was 

collected at 48 hours and filtered through 0.45 µM PVDF filters (Millipore). Ba/F3 cells were 

resuspended in viral supernatant supplemented with murine IL3 and centrifuged for 2 hours at 

1000 g at 32 °C. Additional media was added and cells were grown at 37 °C. After 48 hours, cells 

were collected and resuspended in fresh media plus murine IL3 and 4 µg/mL puromycin 

(Invitrogen). Following 72 hour selection, cells were washed 2 times with PBS and resuspended in 

fresh media with no murine IL3.  
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Cell viability assay Exponentially growing BCR-ABL mutant cells were plated at 5 x 103 cells/well 

in 0.1 mL in 96-well opaque plates with the appropriate concentration of inhibitor in triplicate. 

Cells were incubated for 48 hours at 37 °C and proliferation was assessed by CellTiter Glo reagent 

(Promega) according to manufacturer’s recommendations using SpectraMax Pro Software 

(Molecular Devices). For each inhibitor, values were normalized to the median value of the 

untreated sample and a mean value was calculated. IC50 values were generated using nonlinear 

best-fit regression analysis with Prism 5 software (GraphPad).  

Immunoblotting Exponentially growing BCR-ABL T315 mutant cells were treated for 3 hours with 

75 nM axitinib and lysates were prepared as previously described.47 Immunoblotting was 

performed using anti-phospho-ABL (Y412), anti-phosho-STAT5 (Y694) and anti-STAT5 (Cell 

Signaling Technology) and anti-cABL (Calbiochem). 

Modeling of BCR-ABL mutants Comparative protein structure models of the BCR-ABL T315 

mutants were created using MODELLER 9.14.48 The crystal structure of the native ABL bound to 

ponatinib served as the template (PDB ID 3OXZ).17 The ligand from the crystal structure was 

treated as the BLK residue type in the alignment and was essentially copied from the template 

structure into a model as a rigid body, retaining proper stereochemistry in the surrounding protein-

binding site and protein-ligand interactions. One hundred models were created for each T315 

mutant using the automodel class with default settings. The MODELLER objective function 

ensures that models have proper stereochemistry (i.e., the bond lengths, bond angles, dihedral 

angles, and chirality are close to ideal values). The non-bonded atom-atom interactions in each 

model were evaluated using the protein orientation-dependent statistically optimized atomic 

potential (SOAP-Protein).49 For each set of 100 models, the maximum SOAP-Protein score of the 

clinically observed mutations was plotted against experimentally determined ponatinib IC50 values 

on a semi-log plot and an exponential trend line model was fitted using Tableau 8.2.50 The fit was 

then used to predict the ponatinib IC50 values of the remaining mutations. 

Results 

Detection of a compound BCR-ABL T315 mutation following ABL TKI therapy A male patient 

presented to the University of California, San Francisco two weeks after having initiated 140 mg 

dasatinib daily monotherapy for de novo T-lymphoid blast crisis CML. The patient clinically 
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responded to dasatinib, as evidenced by rapid reduction in splenomegaly and leukocytosis, but 

relapsed after approximately six weeks of treatment. Direct sequencing of the BCR-ABL KD 

revealed the presence of substitutions at two nucleotide positions within the T315 codon, resulting 

in the genesis of T315I and T315L mutations (Figure 1.2A, middle panel). While the T315I mutation, 

which represents a single nucleotide substitution (ACT à ATT) from native BCR-ABL, was readily 

detectable, the T315L mutation, which requires a two-nucleotide substitution at this residue (ACT 

à CTT), represented the predominant isoform. The patient was subsequently treated with 45 mg 

ponatinib daily but had no objective response. After four weeks of ponatinib treatment, re-

evaluation of the BCR-ABL KD revealed persistence of only the T315L mutation (Figure 1.2A, right 

panel). The disappearance of the T315I mutation while on ponatinib and the enrichment of the 

T315L allele in the setting of clinical progression strongly suggest clinical resistance of T315L to 

ponatinib.  

Several clinically identified T315 mutants retain sensitivity to axitinib Given the lack of 

response of the T315L mutation to ponatinib and the unknown resistance profile of this mutation 

to the other ABL TKIs, we sought to characterize all BCR-ABL gatekeeper mutations that have been 

identified clinically against all approved ABL TKIs (T315A36/F(Smith manuscript 

submitted)/I51/L52/M41/N39/V53). We transformed Ba/F3 cells to growth factor independence with 

each of these seven BCR-ABL T315 mutants and assessed their sensitivities to the approved ABL 

TKIs. Of the clinically described gatekeeper mutants, BCR-ABL T315A demonstrated the most 

relative sensitivity (<10-fold compared to native BCR-ABL) to imatinib, nilotinib and bosutinib 

(Figure 1.2B, Table 1.1). Ponatinib was the most active against these seven mutants, with 

T315A/I/N/V all retaining sensitivity (Figure 1.2B). However, the T315F/L/M mutants conferred a 

high degree of resistance to ponatinib and all other approved ABL TKIs (Figure 1.2B).  
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Figure 1.2. Acquisition of BCR-ABL T315L mutation in a patient following dasatinib monotherapy and 
characterization of clinical mutants against ABL TKIs. A) Sequencing traces of the T315 codon at diagnosis (left 
panel), following relapse on dasatinib treatment (middle panel) and following four weeks of subsequent treatment 
with ponatinib (right panel). ACT = T, ATT = I, CTT = L. B) Representative IC50 curves for the BCR-ABL T315 
mutations described clinically (error bars represent s.d. of triplicates from the same experiment). Cells were treated 
with increasing concentrations of imatinib, dasatinib, nilotinib, bosutinib or ponatinib for 48 hours. Data is 
representative of 3 independent experiments.  

Figure 1
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Table 1.1 Relative fold increase in IC50 values compared to native BCR-ABL for ABL TKIs or BCR-ABL T315I 
for axitinib. 
 

 

 

 
  

Nilotinib Ponatinib Bosutinib Dasatinib Imatinib

T315A 4.52 <1 7.18 672.42 5.80
T315F >500 185.43 33.52 24907.23 >47
T315I 414.58 2.27 47.32 15374.28 >47
T315L >500 103.47 35.80 11381.96 >47
T315M >500 2355.65 63.99 >66667 >47
T315N 19.57 <1 9.36 2254.00 17.50
native 1.00 1.00 1.00 1.00 1.00
T315V 27.18 <1 13.33 7683.94 40.09

T315C 7.43 <1 6.06 1481.13 6.62
T315D 6.31 <1 8.06 1480.49 8.20
T315E >500 14567.25 37.56 19673.70 >47
T315G 2.91 <1 8.56 94.88 5.44
T315H >500 4427.80 96.40 17741.52 >47
T315K >500 5025.93 12.59 6948.18 >47
T315P <1 <1 5.77 <1 1.43
T315Q >500 9475.63 62.16 21113.24 >47
T315R >500 13645.27 85.16 10000.00 >47
T315S 1.72 <1 9.79 2.10 4.67
T315W 28.03 <1 9.70 2566.22 15.15
T315Y 324.73 42.83 12.51 8432.50 >47

All Other Substitutions

IC50 Fold Increase (Native = 1)

Mutations Observed in Patients
Axitinib

T315A 6.47
T315F 2.36
T315I 1.00
T315L <1
T315M 4.97
T315N <1
native 6.74
T315V <1

T315C 2.82
T315D 3.57
T315E 12.60
T315G 3.06
T315H 35.23
T315K 9.95
T315P 13.97
T315Q 7.42
T315R 42.25
T315S 22.60
T315W 3.13
T315Y <1

Mutations Observed in Patients

All Other Substitutions

IC50 Fold Increase (T315I = 1)

Sensitive < 2
Moderately Resistant 2.01-4
Resistant 4.01-10
Highly Resistant >10
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Figure 1.3 Assessment of clinically described BCR-ABL T315 mutant cell line sensitivity to axitinib. A) 
Representative IC50 curves for the BCR-ABL T315 mutations described clinically (error bars represent s.d. of 
triplicates from the same experiment). Cells were treated with increasing concentrations of axitinib for 48 hours. 
Data is representative of 3 independent experiments. B) Western blot analysis using anti-phospho-ABL, anti-ABL, 
anti-phospho-STAT5 and anti-STAT5 on lysates from BCR-ABL mutant cell lines treated for 3 hours with 75 nM 
axitinib.  

Figure 2. 

A


B


native
 T315A
 T315F
 T315I
 T315L
 T315M
 T315N
 T315V

-       +
       -      + 
   -     +      -       +       -      +      -      +       -      +      -       +


pBCR-ABL

(Y412)


total BCR-ABL


pSTAT5

(Y694)


total STAT5




 26 

We sought to determine if axitinib, which has been reported to be active against BCR-ABL T315I, 

retains activity against any of these seven clinically-isolated mutants. Encouragingly, BCR-ABL 

T315L/N/V were more sensitive to axitinib treatment than the T315I mutant (Figure 1.3A, Table 1.1). 

Of the remaining clinically described T315 substitutions, T315F and T315M both conferred a 

significant degree of cross-resistance to axitinib (Figure 1.3A). 

To confirm that the activity of axitinib against select T315 mutants is a consequence of BCR-ABL 

kinase inhibition, we assessed the impact of a clinically achievable concentration of axitinib (75 

nM) on BCR-ABL phosphorylation at the activation loop residue Y412 and STAT5 phosphorylation 

(Y694) a downstream effector of BCR-ABL activity.54 Consistent with the IC50 data, axitinib 

treatment substantially decreased BCR-ABL and STAT5 phosphorylation in the T315F/I/L/N/V 

BCR-ABL mutant cell lines (Figure 1.3B). The T315F mutant showed mild resistance to axitinib 

based on the IC50 data; therefore the potential of this mutation to respond clinically to axitinib 

strongly depends upon the maximum achievable plasma concentration of the inhibitor. The BCR-

ABL native, T315A and T315M mutant cell lines were resistant to axitinib treatment and only 

showed a slight reduction in either BCR-ABL or STAT5 phosphorylation (Figure 1.3B), again 

consistent with the IC50 profile. Taken together, these data suggest that axitinib directly inhibits 

kinase activity of select T315 mutants and might be clinically active in BCR-ABL T315L/N/V-

associated cases. 

Structural modeling rationalizes resistance of BCR-ABL T315 mutants to ponatinib To 

understand the structural basis of resistance toward ponatinib, we modeled the seven clinical 

mutants bound to ponatinib. A mutation in the binding site is less likely to result in resistance when 

the binding site is more complementary to the inhibitor, as estimated by the SOAP-Protein score 

(the proper stereochemistry of any complex model is ensured by construction).49 Ponatinib is a type 

II inhibitor that was specifically designed to accommodate the T315I side chain with its ethynyl 

linker.23 Ponatinib, unlike imatinib, does not form a hydrogen bond with the hydroxyl group of 

T315,34 but it appears to be stabilized by a total of five hydrogen bonds with the protein. The T315 

hydrogen bond drives both the potency and specificity of imatinib;17 thus, its absence, resulting 

from mutations at the 315 position, leads to almost complete resistance to imatinib (Figure 1.2B). 

The carbon-carbon triple bond eliminates the hydrogen bond requirement for ponatinib, instead 

making a hydrophobic contact with the I side chain. In addition to minimizing the steric 
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incompatibility between the ligand and the gatekeeper residue, the triple bond also contributes to a 

broader specificity of ponatinib compared to imatinib (Figure 1.4).23 

The impact of clinically observed mutations T315A/F/I/L/M/N/V can be discussed in three 

categories: 

First, mutations T315A and T315V, which introduce side chains that are small and hydrophobic, are 

most sensitive to ponatinib. Like T315, these side chains are predicted not to sterically clash with 

ponatinib and to make favorable van der Waals interactions with the ethynyl linker and A ring 

groups. Because the alanine side chain is smaller than that of T, it creates a binding site that is larger 

and potentially more accessible for ponatinib binding. 

Second, mutation T315I represents the mild resistance category of ponatinib sensitivity. As 

mentioned above, ponatinib makes a favorable hydrophobic interaction with the isoleucine side 

chain. However, the added methyl group of the isoleucine side chain compared to valine leads to a 

minor steric clash with the A ring of ponatinib within the model based on the co-crystal structure of 

ponatinib and native ABL1. This unfavorable interaction requires a subtle change in the binding 

conformation of ponatinib to alleviate the strain, as shown by the crystal structure of ponatinib 

bound to T315I (Figure 1.4).17 The result is a slight displacement of the A ring from the hydrophobic 

pocket, which could account for a decrease in ponatinib potency. 

Third, mutations T315F/L/M, which introduce larger, bulky hydrophobic side chains, represent the 

high resistance category of ponatinib sensitivity. The bulky side chains are sterically incompatible 

with the binding mode of ponatinib observed in the crystal structure (Figure 1.4). 

The T315N mutant was excluded from the training set because structural changes necessary to 

accommodate the ligand are larger than those allowed by the conservative assumptions of 

homology modeling.  
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Figure 1.4 Crystal structures and comparative models of the ABL1 kinase domain bound to inhibitors. 
Cartoon representation of the crystal structure of ponatinib bound to native ABL1 (PDB ID 3OXZ), the model of 
ponatinib bound to native ABL1 (T), ABL1 T315A and ABL1 T315V (sensitive group), the crystal structure of 
ponatinib bound to ABL1 T315I (PDB ID 3IK3; mildly resistant group), the model of ponatinib bound to ABL1 T315F, 
ABL1 T315L, and ABL1 T315M (highly resistant group). Black lines indicate the closest position between the side 
chain and ponatinib. The red lines indicate steric clashes between the side-chain atoms and ponatinib. In the T315I 
panel, the pose of ponatinib from the native ABL1 crystal structure is overlaid in white, to indicate the slight change 
in the binding conformation.  
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Figure 1.5 Correlations between mutant SOAP scores and ponatinib IC50 values. A) Maximum SOAP score of 
residue 315 for each of the clinically observed mutants extracted from the comparative structural models. The best 
fit exponential line is shown in grey, and its equation and coefficient of determination are shown in the bottom right 
corner. The points are colored according to the experimentally determined ponatinib sensitivity. B) The 
experimentally determined fold increase in ponatinib sensitivity relative to native BCR-ABL is plotted against the 
predicted ponatinib sensitivity. The regions of the plot corresponding to high resistance, moderate resistance, and 
sensitivity to ponatinib are colored in red, yellow, and green, respectively. The line y = x is shown in white.  

Figure 4. 
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The maximum SOAP scores for residue 315 for each of the clinically observed mutants correlated 

well with the ponatinib IC50 values, with an R-squared value of 0.81 (Figure 1.5A). This correlation 

indicates that SOAP-Protein score of a comparative model is a sensitive metric able to capture the 

physicochemical compatibility between the mutant and the ligand, and may serve as a predictive 

metric for other, as of yet unmapped mutations.49 

In contrast to ponatinib, we have not performed an equivalent analysis for axitinib because of the 

relative uncertainty in the modeling of axitinib interactions with the native BCR-ABL and its 

mutants. The crystal structures of axitinib bound to the kinase domain of the native and T315I 

mutant versions of ABL1 were published during the preparation of this manuscript.46 Native ABL1 

binds axitinib in the inactive DFG-out conformation, while the T315I ABL1 mutant binds axitinib 

with the A-loop in the active DFG-in conformation. The differences between the two structures 

make it difficult to model other mutants with confidence, because it is unknown whether these 

mutations are activating and stabilizing towards the active kinase conformation, as is the case with 

T315I.14 

Several BCR-ABL T315 mutants are highly resistant to ponatinib. To prospectively predict the 

sensitivity of other atypical gatekeeper substitutions that may be clinically encountered, we 

modeled the 12 remaining T315 amino acid substitutions. Based on the SOAP-Protein score for 

residue 315, we calculated the predicted ponatinib IC50 value for each mutant using the correlation 

derived from the clinical T315 mutant dataset (Figure 1.5A). Subsequently, we created Ba/F3 cell 

lines containing each of the remaining mutations and experimentally determined the IC50 values of 

ponatinib (Table 1.1). The structural models allowed us to successfully predict the category of 

ponatinib sensitivity in 7 out of 12 mutants (Figure 1.5B). In addition, three other mutants had 

predicted IC50 values that were less than an order of magnitude different from the experimentally 

determined value (Figure 1.5B). Mutations T315E/H/K/Q/R/Y were correctly predicted to be highly 

resistant to ponatinib. These mutations are characterized by large side chains, which are 

incompatible with the ponatinib binding mode. The models also correctly predicted the increased 

sensitivity of the T315S mutation towards ponatinib. Like the alanine and valine side chains, the 

smaller serine side chain leads to a larger binding pocket and reduces the potential for a steric clash 

with the compound. The models failed to predict the sensitivity of the T315W/D mutants (W not 

shown in Figure 1.5B). As with T315N, it is conceivable that the models of these mutants are 
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relatively inaccurate because the structural changes compared to the template structure are larger 

than allowed by template-based homology modeling by MODELLER. 

IC50 values of these 12 T315-mutant transformed Ba/F3 cell lines were also determined for 

imatinib, dasatinib, bosutinib, nilotinib, and axitinib (Figure 1.6, Table 1.1). BCR-ABL T315P was 

more sensitive to TKI treatment with dasatinib, nilotinib or ponatinib than native BCR-ABL. 

Nearly all T315 mutants demonstrated a >10-fold increased relative resistance to dasatinib 

compared to native BCR-ABL (Figure 1.6, Table 1.1). With bosutinib and imatinib, all mutants were 

more resistant to TKI treatment than native BCR-ABL, although several were only moderately 

resistant. Of the five approved ABL TKIs, ponatinib maintained the broadest activity against T315 

mutations, with 9/19 mutants having an IC50 value less than native BCR-ABL (Figure 1.6, Table 1.1). 

Axitinib, which has been reported to have greater activity against BCR-ABL T315I than native BCR-

ABL, also demonstrated increased potency against T315L/N/V/Y mutations compared to T315I 

(Figure 1.3, Figure 1.6, and Table 1.1). Altogether, axitinib was relatively more active in vitro against six 

gatekeeper mutants (T315F/K/L/M/Q/Y) when compared with the approved ABL TKIs, including 

ponatinib. 

In all, we identified nine BCR-ABL T315 mutations (E/F/H/K/L/M/Q/R/Y) that conferred >10-fold 

resistance to all ABL TKIs relative to native BCR-ABL (Table 1.1). Of these ABL TKI pan-resistant 

mutations, T315L and T315Y showed greater sensitivity to axitinib than T315I. The fact that 

multiple mutations are pan-resistant to all ABL inhibitors, including mutations (T315L/M) that 

have been described clinically, warrants the investigation of novel strategies, such as alternative 

TKIs or allosteric inhibitors, to treat these vulnerabilities.  
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Figure 1.6 IC50 Values for BCR-ABL T315 mutant cell lines treated with ABL TKIs and axitinib. Average IC50 
values for each BCR-ABL T315 mutant cell line. Cells were treated with increasing concentrations of indicated TKI 
for 48 hours. Data is representative of 3 independent experiments. Native BCR-ABL is indicated by a green line for 
each ABL TKI and T315I for axitinib.  

Figure 5. 
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Discussion 

Through the development of second and third-generation ABL TKIs, treatment options are 

available for BCR-ABL-positive leukemia patients with all amino acid substitutions that arise from 

single nucleotide changes within the BCR-ABL KD. However, the acquisition of multiple nucleotide 

substitutions can result in novel amino acid mutations. Here we described the acquisition of a 

compound gatekeeper mutation (T315L) that arose in concert with a T315I mutation in a single 

patient on dasatinib monotherapy. Given that BCR-ABL T315I is highly resistant to dasatinib, it 

was unexpected that monotherapy would select for the additional compound T315L mutation. This 

finding reinforces the observation that even without obvious selective pressure, multiple 

nucleotide substitutions can occur. Traditional in vitro saturation mutagenesis screens do not 

typically have the capacity to generate multiple substitutions, and the potential repertoire of 

compound mutants that can conceivably confer clinical TKI resistance therefore remains 

unknown. 

More distinct TKI-resistant mutations have been detected at the T315 residue (n = 7) than at any 

other position in the BCR-ABL KD, underscoring the importance of this residue as an escape 

mechanism to TKIs. In order to prospectively characterize the sensitivity profiles of variant 

gatekeeper mutations in BCR-ABL, we generated all possible mutations at the T315 residue and 

assessed them against all five approved ABL TKIs (imatinib, dasatinib, nilotinib, bosutinib and 

ponatinib) as well as the multi-kinase inhibitor axitinib, which has been described to bind to ABL 

T315I more avidly than to native ABL.45 All substitutions at this codon were capable of 

transforming Ba/F3 cells to growth factor independence and displayed a range of resistance to ABL 

TKIs and axitinib. For gatekeeper mutations that have been previously described, our model 

recapitulated published reports and clinical observation.25,37,39,41 Of all clinically detected mutations 

at the T315 residue that have been described (T315A/F/I/L/M/N/V), the T315F/L/M mutations are 

highly resistant to all ABL TKIs tested, including ponatinib, suggesting that patients who acquire 

these mutations will require novel treatment strategies. Given the described activity of axitinib 

against BCR-ABL T315I,46 we hypothesized that activity may be retained against a leucine 

substitution, and indeed, BCR-ABL T315L was more sensitive to axitinib than BCR-ABL T315I. 

BCR-ABL T315F displayed minor resistance to axitinib while BCR-ABL T315M demonstrated 5-

fold resistance compared to T315I. Based on the reported maximum plasma concentration of 

axitinib (~72 nM),55 it is unclear if adequate plasma concentrations can be safely achieved to 
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effectively inhibit these mutants. Like ponatinb, axitinib is also a multi-kinase inhibitor and 

therefore the benefit that arises from use of this compound will have to be balanced against the 

clinical risks. 

In all, nine T315 mutations (E/F/H/K/L/M/Q/R/Y), each of which requires changes of at least a 

two nucleotides, demonstrated a high degree of resistance to all five approved ABL TKIs. The in 

vitro activity of axitinib against T315F/L/Y warrants clinical investigation. On the other hand, the 

T315E/H/K/M/Q/R substitutions, which are highly pan-resistant to all approved ABL TKIs, confer 

substantial in vitro resistance to axitinib, and are therefore not predicted to respond clinically. For 

patients who evolve these substitutions prompt consideration of allogeneic stem cell 

transplantation seems prudent. We noted that substitutions with any of the three basic amino acids 

(K/H/R) conferred resistance to all compounds tested. However, no other group of amino acids 

displayed uniform response illustrating the difficulty in predicting drug sensitivity based on amino 

acid substitution. 

Overall, ponatinib maintained activity against the largest number of gatekeeper substitutions with 

9/19 mutants demonstrating more sensitivity to TKI treatment than native BCR-ABL. Strikingly, 

the relative sensitivity of gatekeeper mutants appeared bimodal for all approved ABL TKIs, 

including ponatinib, with very few “moderately resistant” mutations observed. In contrast, few 

mutants were “highly resistant” to axitinib, confirming that axitinib binds to BCR-ABL in a manner 

that is fundamentally different from the approved ABL TKIs. The recently published structures of 

ABL complexed with axitinib will allow for investigation of the basis of this observation and help 

direct rational modifications of axitinib to further increase its activity and selectivity toward native 

BCR-ABL and gatekeeper mutants. On this front, we utilized structural comparative models to 

successfully rationalize and predict ponatinib resistance for the majority of T315 mutants. This 

provides an expandable platform for predicting the resistance profile of additional ABL TKIs for the 

treatment of novel BCR-ABL T315 mutations. Furthermore, the work we described herein 

promises to provide clinicians with useful guidance toward selection of appropriate approved or 

investigational therapy, and the pan-resistant mutants we identified represent the next frontier in 

the management of BCR-ABL-positive leukemias.  
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FLT3 D835 mutations confer differential resistance to type II FLT3 
inhibitors 

The contents of this section have been published in the following article: 

FLT3 D835 mutations confer differential resistance to type II FLT3 inhibitors. 

Catherine C Smith, Kimberly Lin, *Adrian Stecula, Andrej Sali, and Neil P Shah 
Leukemia. 2015;29(12):2390. 

*The author’s contribution included comparative structure modeling of the FLT3 D835 mutants to 

rationalize type II inhibitor resistance. 

Introduction 

Activating mutations in FLT3 occur commonly in acute myeloid leukemia (AML), including 

internal tandem duplication (ITD) and point mutations in the tyrosine kinase domain, typically at 

the activation loop (AL) residue D835. Recent studies of potent FLT3 inhibitors in FLT3 mutant 

patients has demonstrated clinical activity for sorafenib,56 quizartinib (AC220),57 ponatinib,58 and 

crenolanib.59 However, duration of response to FLT3 inhibitors is limited by resistance-conferring 

secondary kinase domain (KD) mutations. Highly resistant FLT3-ITD AL D835V/Y/F and 

gatekeeper F691L mutations confer acquired clinical resistance to quizartinib60 and acquired 

D835Y/H and F691L mutations have been detected at the time of resistance to sorafenib.56,61 

The most common residue implicated in clinical resistance to FLT3 TKI therapy is D835.56,60-62 

Molecular docking analysis suggests that D835 mutants induce an active “DFG-in” kinase 

conformation unfavorable for binding by type II inhibitors such as sorafenib, quizartinib, ponatinib 

and PLX3397.60,62 Type I inhibitors (e.g. crenolanib) bind a “DFG-in” conformation and retain 

activity against D835 mutants.63 Despite the fact that D835 mutations have been commonly 

associated with in vitro and clinical resistance to type II FLT3 inhibitors, differences in the 

spectrum of D835 mutations identified at the time of clinical resistance to FLT3 TKIs (e.g. D835H 

mutations observed with sorafenib but not quizartinib resistance) suggest that relative resistance 

of D835 substitutions to type II FLT3 TKIs is not uniform, though the number of cases analyzed to 

date is small. In vitro mutagenesis screens have identified different resistant D835 substitutions for 

individual FLT3 TKIs.60 Nevertheless, clinical trials of type II FLT3 inhibitors commonly exclude 
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patients with any FLT3 D835 mutation due to a prevailing assumption that all FLT3 D835 

substitutions uniformly confer resistance to type II inhibitors. We sought to experimentally 

determine the degree of resistance conferred by individual D835 mutations and to further 

characterize molecular mechanisms underlying this resistance with the goal of informing clinical 

trial design and molecular testing. 

Materials and methods 

Ba/F3 cell lines were created and proliferation assays performed as previously described.29 

Comparative protein structure models of FLT3 mutants were created with MODELLER 9.14,48 

using the crystal structures of the auto-inhibited FLT3 (PDB ID 1RJB)64 and the co-crystal 

structure of FLT3 with quizartinib (PDB ID 4RT7),62 as templates. For each D835 mutant, we 

generated 100 models using the automodel class with default settings, separately for each template. 

The models had acceptable protein orientation-dependent statistically optimized atomic potential 

(SOAP-Protein) scores.49 They were clustered visually into up to 5 classes based on the 

conformation of the mutated side chain. 

Results and discussion 

We profiled all D835 substitutions previously reported to cause FLT3 TKI resistance in 

patients,56,60,65 as well as D835 mutations occurring in patients as cataloged in the Sanger COSMIC 

database or the Cancer Genome Atlas. IC50 for proliferation of Ba/F3 cells expressing FLT3-ITD 

D835 mutants profiled for the clinically active FLT3 inhibitors quizartinib,57 sorafenib,56 

ponatinib,58 PLX3397,62 and crenolanib59 is shown in Table 1.2 and are in general keeping with 

previously reported values.47,60,61,63,66 Relative resistance compared to FLT3-ITD is shown in Table 

1.3. Surprisingly, individual D835 substitutions conferred a wide range of resistance to all tested 

type II inhibitors. As previously reported, FLT3-ITD D835V/Y/F mutations cause a high degree of 

resistance to all type II inhibitors.47,60 Deletion of the D835 residue or substitution with the bulky 

residue isoleucine also resulted in a high degree of resistance. The basic substitution D835H caused 

intermediate resistance, which may explain why this residue has been observed in clinical 

resistance to sorafenib,56 but not to the more potent inhibitor quizartinib.60 Overall, D835A/E/G/N 

mutations conferred the least degree of resistance to the type II inhibitors. Consistent with our 

experimental observations, we identified only highly resistant D835 mutations (D835V/Y/F/I) in 
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patients who relapsed after responding to quizartinib.60 As expected, D835 mutations retained 

sensitivity to the type I inhibitor crenolanib and consistent with previous reports, it is expected that 

other type I inhibitors such as sunitinib, would also retain activity against these mutations.61 

Type II inhibitors bind to the conformation coupled to the DFG-out position of the kinase AL 

(residues 829-856 in FLT3).13 As previously noted, D835 is predicted to play a critical role in the 

stabilization of the DFG-out conformation by serving as an amino-terminal capping residue for the 

short, one-turn α-helix.12,60,64 Alpha helices have a macrodipole, with a positive pole near the N-

terminus and a negative pole near the C-terminus.67,68 Short helices in particular may be stabilized 

with single residues forming favorable interactions with the helix dipole near the ends of the helix. 

The presumed negative charge of the D835 side chain at the N-terminus of the short α-helix 

spanning residues 835-839 is an example of such an interaction. D835 may also stabilize the helix 

by forming a hydrogen bond with either the main-chain amide or the side chain hydroxyl of S838, as 

seen in the crystal structures of the auto-inhibited and quizartinib bound FLT3 structures, 

respectively. Similar interactions are observed for the equivalent aspartic acid residue in the KIT 

structure (PDB ID 1T45).12  
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Table 1.2 IC50 for proliferation of FLT3 kinase domain mutations in the presence of FLT3 inhibitors. 
 

 

 

Table 1.3 Relative resistance of FLT3 inhibitors to FLT3-ITD kinase domain mutations compared with ITD 
alone. Blue indicates most sensitive; red indicates most resistant. Number indicates fold-resistance compared with 
ITD alone for each inhibitor. 

  

Table S1.  Inhibitory Concentration 50 (IC50) for Proliferation of FLT3 Kinase Domain Mutations in the Presence of FLT3 
Inhibitors 

 

 

IC50 (nM) 

  Quizartinib Sorafenib Ponatinib Crenolanib  Sunitinib Midostaurin 
Mutation Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev 

ITD 0.31 0.26 2.06 0.98 1.75 0.88 15.38 4.86 4.20 2.27 4.55 0.71 
ITD+F691L 102.36 20.77 2063.33 149.70 26.37 0.45 122.27 2.71 23.18 0.66 7.07 0.94 
ITD+A848P 5.11 2.05 208.90 32.77 63.75 10.18 27.02 2.78 20.08 2.04 2.85 0.18 
ITD+N676K 2.79 0.40 19.93 3.18 3.11 0.29 101.04 7.21 17.94 0.94 28.02 4.53 
ITD+D835Y 56.75 5.25 4717.33 936.94 279.97 16.93 22.06 2.51 13.94 1.47 6.78 1.15 
ITD+D835V 174.80 10.24 7315.67 276.50 390.03 19.35 19.08 0.62 15.81 1.19 4.10 0.61 
ITD+D835F 456.97 9.77 7047.33 108.93 396.00 58.78 18.33 3.02 15.97 1.09 5.28 1.54 
ITD+D835H 13.95 4.88 830.63 56.67 230.97 40.69 20.63 1.14 15.56 1.82 3.95 0.43 
ITD+D835A 3.15 0.24 196.87 10.04 59.44 9.07 17.50 2.04 7.54 1.57 3.47 0.40 
ITD+D835E 1.83 0.44 52.66 7.88 19.18 0.56 17.35 1.26 10.15 0.48 1.93 0.33 
ITD+D835G 2.99 0.43 144.53 6.91 19.45 0.25 18.17 3.45 13.32 2.00 2.88 0.50 
ITD+D835I 222.73 43.29 6815.33 348.01 340.00 59.41 17.31 5.99 12.58 0.53 3.18 0.48 
ITD+D835N 2.13 0.64 47.46 4.48 19.21 2.25 26.07 2.99 12.28 1.35 3.56 0.37 

ITD+D835Del 99.34 10.06 5043.67 326.71 290.23 31.42 18.35 2.00 8.19 0.74 3.61 0.53 

Figure 1 

Quizartinib Sorafenib Ponatinib PLX3397 Crenolanib 
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It is not straightforward to rationalize the effect of mutations near or in the short α-helix on the 

distant drug-binding active site. Nevertheless, it has been suggested that the short α-helix, which is 

part of the AL, is coupled to the drug-binding site over a distance.60 Therefore, we focus here on 

describing the impact of D835 mutations on the short α-helix. We modeled each of the mutants 

using the crystal structures of FLT3 in the auto-inhibited state and bound to quizartinib. It is 

possible to correlate three categories of resistance to type II inhibitors with predicted structural 

features of each mutant (Figure 1.7). 

The most sensitive mutants (D835E/N) are characterized by the predicted preservation of the 

hydrogen bond between D835 and S838 based on models utilizing both the apo and holo structures 

as templates. Side chains of the D835E/N mutations are predicted to form hydrogen bonds with the 

side chain hydroxyl group of S838, the main chain amide group of S838, or the main chain amide 

group of M837, depending on the modeled conformations of the neighboring side chains. As a 

result, the short α-helix and thus the coupled DFG-out conformation are conserved, retaining type 

II inhibitor binding. In contrast, the short or lacking side chains of the residues in the more 

resistant mutants (D835G/A) cannot form any hydrogen bonds. Thus, the short α-helix may not 

form, shifting the equilibrium from the DFG-out to the DFG-in conformation, rationalizing the 

observed resistance. 

The most highly resistant mutants (D835Y/V/I/F) are large and bulky hydrophobic amino acid 

residues. In addition to an inability to hydrogen bond with S838, these large side chains are 

predicted to be sterically incompatible with the short α-helix in models based on both the apo and 

holo structures, thus further shifting the equilibrium towards the active DFG-in conformation.  
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Figure 1.7 Comparative structure models of FLT3 mutants. Cartoon representation of the activation loop, where 
residue 835 is highlighted in the center of each panel. Predicted hydrogen bonds and steric clashes are indicated by 
solid black and red lines, respectively. The crystal structures of FLT3 in the autoinhibited state (PDB ID 1RJB)64 
(gray) and bound to quizartinib (PDB ID 4RT7)62 (blue) are shown in the leftmost panel. Predicted orientations of 
mutant side chains from the three categories of resistance to type II inhibitors and histidine are shown in the other 
panels. All models shown are based on the FLT3 structure bound to quizartinib.  
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Unlike the mutations discussed above, the models of the moderately resistant D835H mutation 

based each of the two template structures differ from each other. We assume the model based on 

the quizartinib template is more accurate because holo states are generally more accurately 

modeled based on holo than apo templates. In addition, to accommodate the binding mode of 

quizartinib, the DFG motif is predicted to be displaced out of the DFG pocket (Figure 1.7), thus 

creating an essential edge-to-face aromatic interaction between F830 and the middle phenyl ring of 

quizartinib.62 As a result, the predicted side chain conformations of the D835H mutant are unable 

to form any hydrogen bonds. The intermediary type II inhibitor resistance of the D835H mutation 

is therefore predicted to be a consequence of its inability to both accommodate the binding mode of 

the type II inhibitors and preserve the hydrogen bonds that stabilize the short α-helix in the auto-

inhibited conformation. Our conclusions based on the holo state model are in agreement with those 

based on an apo state model.61 

Our data suggest that some clinically relevant D835 mutants retain sensitivity to type II inhibitors 

at clinically achievable drug concentrations and propose a molecular mechanism for differences in 

sensitivity for individual D835 mutants to type II FLT3 TKIs. While it has been long recognized 

that the D835 residue plays an important role in stabilizing the inactive conformation of FLT3,5 our 

molecular modeling studies implicate critical hydrogen bonding interactions that mediate the 

formation of a short α-helix critical to the DFG-out conformation, with the side chain hydroxyl 

group of S838, the main chain amide group of S838, and the main chain amide group of M837, as 

necessary for type II inhibitor binding. Mutations that preserve this short α-helix do not 

appreciably bias the kinase active conformation and therefore cause nominal resistance. Notably, 

current clinical assays report only the presence or absence of D835 mutations. From a practical 

perspective, our findings argue that the common practice of uniformly excluding patients with any 

D835 mutation from participation in type II FLT3 TKI clinical trials is misguided, as less resistant 

D835 substitutions such as D835N/E/G/A may retain sensitivity to TKI therapy. The development 

of clinical assays that report the exact nature of amino acid substitution(s) at D835 is therefore 

indicated. Further studies to elucidate molecular mechanisms of resistance mediated by FLT3 KD 

mutants to type II TKIs will require co-crystal structural analyses, particularly with type I 

inhibitors bound to the active conformation of FLT3.  
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Chapter 2: 
Activation and Inhibition of 
Organic Cation 
Transporters 
The first organic cation transporter (OCT) was cloned in 1994 from rats,1 followed closely by the 

human OCT1 in 19972,3 and the other members of the human OCT family, OCT2 and OCT3.4 As 

facilitative diffusion uniporters, they are important in the transport of monovalent and divalent 

cations, weak bases, and some neutral molecules.2,5 OCT1 is primarily expressed on the basolateral 

membrane of hepatocytes,6 OCT2 on the basolateral membrane of renal proximal tubules,7 while 

OCT3 is more ubiquitously expressed in the heart, skeletal muscle, brain, small intestine, liver, 

lung, kidneys, and other tissues.8,9 



 50 

OCTs have been primarily studied from the standpoint of drug absorption and excretion because 

they are present in pharmacologically most important tissues - intestine, liver, and kidney. OCT1 

and OCT2 transport the blockbuster antidiabetic drug metformin,9-11 nucleoside antivirals 

zidovudine, dalcitabine, lamivudine, and tenofovir,12 anticancer drug daunorubicin,13, and 

platinum-containing drugs oxaliplatin,14 cisplatin,15 and picoplatin,16 to name only a few.5 Their 

polyspecificity allows them to transport a wide variety of structurally dissimilar endogenous 

molecules, including the recently discovered thiamine,17,18 metabolites choline and creatinine, and 

neurotransmitters acetylcholine, dopamine, epinephrine, and serotonin.8 

In addition to its role in the distribution of platinum-containing antineoplastic compounds, OCT1 

has recently been identified as a mediator of bendamustine uptake and cytotoxicity in chronic 

lymphocytic leukemia (CLL) cells.19 Bendamustine was approved by the FDA in 2008 and is sold 

under the name Treanda for the treatment of several hematological malignancies.20 Also, OCT1 is 

an important clinical determinant of imatinib treatment response in CML patients. Patients with 

high pre-treatment expression of OCT1 mRNA had a higher probability of achieving a cytogenetic 

response and a superior progression-free and overall survival.21 In a separate study, the GG 

genotype of SLC22A1 rs683369, corresponding to a missense mutation L160F, correlated with high 

rate of loss of response or treatment failure to imatinib therapy.22 It has since been shown that 

imatinib is not a substrate of OCTs,23 and is in fact an inhibitor of all human OCTs.24 One proposed 

explanation for these inconsistencies is that OCT1 expression is a surrogate for expression of other 

transporters relevant to imatinib distribution, including OATP1A2, which does transport 

imatinib.23 

Although no crystal structures have been determined for the human OCTs or any of their close 

homologs, OCTs are members of the major facilitator superfamily (MFS) and are predicted to have 

the same MFS protein fold composed of 12 transmembrane helices, a large extracellular loop 

between TM 1/2, and a large intracellular loop between TM seen in the crystal structures of lactose 

permease LacY25,26 and phosphate transporter PiPT (Figure 2.1).27 Studies on residues lining the 

translocation pathway, explorations in substrate specificity, and identification of the more than one 

ligand binding site with different affinities have all been achieved through mutagenesis studies 

guided by comparative structure modeling of human OCTs.28-32 Further, the extracellular loop has 

been shown to be required for plasma membrane targeting and homo-oligomerization between 

monomers, for both OCT1 and OCT2.33,34 In line with other MFS transporters, their mechanism of 
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transport is hypothesized to follow the “rocker-switch” mechanism in which the pseudo-

symmetrical N- and C-terminal halves of the transporter rock back and forth against each other, 

along the axis defined by the domain interface.35 

This chapter addresses two longstanding questions in the field of human organic compound 

transport. How are human OCTs activated? And what inhibits them? The first section addresses 

these questions by examining the relationship between the Src family kinase Yes1 and OCT2. It 

shows that phosphorylation of OCT2 by Yes1 in vitro is critical to its function, while Yes1 inhibition 

in vivo diminished OCT2 activity. This study adds to the current understanding of the interplay 

between kinases and SLC transporters in the phosphoproteome.36 In fact, the presence of several 

potential protein kinase phosphorylation sites in the intracellular loops is a common feature among 

OCTs, suggesting that their activity can be subjected to kinase regulation.37 Previous work has 

shown that rat OCT1 is activated by protein kinase C-dependent phosphorylation.38 In an 

equivalent study with human OCT2, PKA stimulation resulted in inhibition, while inhibition of 

calmodulin reduced the apparent affinity of OCT2 for TEA, suggesting a direct effect of this 

pathway on the molecular structure of the binding site of hOCT2.37 TKIs might therefore have 

additional functions as modulations of pharmacologically important SLC transporters, outside of 

their direct inhibition through competitive binding.24 

The second section focuses solely on the question of what inhibits them, through the lens of OCT1 

with a combination of high-throughput screening, in silico molecular docking against a comparative 

structure model, structure-activity relationship (SAR) modeling, and cell based validation of hits. 

By using a comprehensive, multifaceted approach, the study illustrates potential new clinical drug 

interactions and identifies the physicochemical properties characterizing OCT1 inhibitors.  
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Figure 2.1 Comparative structure model of human OCT1 with a docked pose of ASP+. Model uses the co-
crystal structure of PiPT (PDB ID 4J05)(ref. 27) with a phosphate ion in the inward-facing occluded state as the 
template.  
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A phosphotyrosine switch regulates organic cation transporters 

The contents of this section have been published in the following article: 

A phosphotyrosine switch regulates organic cation transporters. 

Jason A. Sprowl, Su Sien Ong, Alice A. Gibson, Shuiying Hu, Guoqing Du, Wenwei Lin, Lie Li, 
Shashank Bharill, Rachel A. Ness, *Adrian Stecula, Steven M. Offer, Robert B. Diasio, Anne T. Nies, 
Matthias Schwab, Guido Cavaletti, Eberhard Schlatter, Giuliano Ciarimboli, Jan H. M. Schellens, 
Ehud Y. Isacoff, Andrej Sali, Taosheng Chen, Sharyn D. Baker, Alex Sparreboom, and Navjotsingh 
Pabla 
Nature Communications. 2016;7:10880. 

*The author’s contribution included comparative structure modeling of the human OCT2 to 

identify the location of the phosphorylation site and guide mutagenesis studies. 

Introduction 

An enclosed but selectively permeable cellular membrane is a ubiquitous feature of all life 

forms.39,40 Membrane transporters are the evolutionally conserved gatekeepers that govern this 

selective cellular permeability.41 They regulate the uptake and efflux of essential molecules such as 

amino acids, nucleosides, sugars, inorganic ions as well as therapeutic compounds.41,42 Therefore, 

transporters have wide ranging influences on normal human physiology and pathophysiology and 

are key determinants of therapeutic response to drugs. 

The human genome is thought to encode more than 400 membrane transporter genes belonging to 

two major superfamilies: ATP-binding cassette (ABC) transporters and solute carriers (SLC), which 

are involved in almost every essential biological process.42-45 Among these, about 20 ‘multispecific’ 

transporters belonging to either superfamily have been extensively implicated in drug 

transport.44,46,47 Drug transporters are highly expressed in the intestine, kidney, liver and 

endothelial barriers, where they regulate absorption, distribution, metabolism and excretion of 

drugs.44,46 At the cellular level, transporter-mediated uptake or efflux can impart drug-sensitive or -

resistant phenotypes in target cells, thereby affecting therapeutic efficacy.48 Likewise, transporter-

mediated uptake in non-target tissues can contribute to drug toxicities.47,49 As a result, along with 

drug-metabolizing enzymes, transporters have emerged as critical determinants of drug 

disposition, therapeutic efficacy and adverse drug reactions. 
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Due to their predominant role in determining clinical response to therapeutics, multiple regulatory 

aspects of drug transporters have been widely studied. Genetic polymorphisms,50 epigenetic 

mechanisms,51 dietary ingredients,52 and drug–drug interactions44 that functionally modulate drug 

transporters can profoundly affect therapeutic outcomes. However, surprisingly, phosphotyrosine-

mediated regulation of drug transporters has not been extensively studied. Here we report 

phosphotyrosine-mediated regulation of several pharmacologically important SLC-family 

transporters, including organic cation transporters (OCTs),53 multidrug and toxin-extrusion 

transporters (MATEs),54 and organic anion transporting polypeptides (OATPs).55 Notably, we 

propose that clinically used tyrosine kinase inhibitors (TKIs)56 can inhibit protein kinases required 

for tyrosine phosphorylation of drug transporters, thereby influencing transporter function. 

Results  

Small-molecule screen identifies potent OCT2 inhibitors The SLC-family member OCT2 is 

expressed in the renal tubular cells,53 dorsal root ganglia (DRG),57 and brain,58 where it regulates 

uptake of endogenous organic cations like creatinine59 and catecholamines.60 OCT2 is also involved 

in the uptake of widely used therapeutics including the anti-diabetic drug metformin11 and 

platinum-based chemotherapeutics.57,61 The three major debilitating side effects of platinum-based 

anti-cancer drugs, namely peripheral neurotoxicity,57 nephrotoxicity,61,62 and ototoxicity,63 are 

dependent on OCT2-mediated uptake of cisplatin or oxaliplatin in DRGs, renal tubular cells, and 

hair cells of the cochlea, respectively. Identification of potent OCT2 inhibitors, which could be 

combined with chemotherapy, has the potential to provide clinical benefits by reducing these 

toxicities. Thus, with the aim to identify OCT2 inhibitors, we carried out a small-molecule screen 

using the St Jude Children’s Research Hospital bioactive compound library (8086 compounds). For 

this screen, we utilized OCT2 expressing HEK293 cells and uptake of fluorescent substrate 4-(4-

(dimethylamino)styryl)-N-methylpyridinium (ASP+) was used as an indicator of OCT2 function 

(Figure 2.2A). Imipramine, a known OCT2 inhibitor, was used as a positive control (Figure 2.2A). We 

identified 433 compounds that exhibited >90% inhibition of OCT2 function (Figure 2.2B). About half 

of these active compounds were neurological drugs, which was not surprising because they are 

structurally similar to endogenous OCT2 substrates like norepinephrine and serotonin.58 Due to 

their undesirable neurological effects these agents were not explored further. 
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Multiple TKIs also inhibited OCT2 function, and since they are widely used as anti-cancer agents56 

we pursued them further (Figure 2.2B). FDA-approved TKIs were tested for their ability to inhibit 

OCT2 in secondary screens using tetraethylammonium (TEA) as OCT2 substrate (Figure 2.2C). 

Dose–response experiments in OCT2 expressing Hela (Hela-OCT2) and HEK293 (HEK293-OCT2) 

cells showed that multiple TKIs can inhibit OCT2 function at sub-micromolar concentrations 

(Figure S2.1A). Creatinine is an OCT2 substrate and interestingly, the TKIs (bosutinib, dasatinib, 

nilotinib, pazoponib, sunitinib and vandetinib) that inhibited OCT2 function in vitro can cause 

increase in serum creatinine levels (Figure S2.1B) in patients, which could be a result of reduced 

creatinine excretion as a result of renal OCT2 inhibition. Among these TKIs, dasatinib,56,64 an oral 

BCR-ABL and Src family kinase inhibitor approved for the treatment of leukemia, was found to be 

the most potent OCT2 inhibitor (Figure 2.2C), with OCT2 inhibition seen at nanomolar 

concentrations (Figure 2.2D).  
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Figure 2.2 Small molecule HTS of OCT2 inhibitors. A) Scheme depicting the assay conditions used in the primary 
screen for OCT2 inhibitors. HEK293-OCT2 cells were plated in 384-well plates, followed by incubation with small 
molecules and uptake assay using ASP+ as OCT2 substrate. Imipramine and DMSO were used as positive and 
negative controls respectively. Compounds that inhibited OCT2 activity by ≥90% were considered as active 
compounds. B) Active compounds (433 out of 8,086) were categorized into distinct groups and the categories with 
more than 2% hits are shown here. C) Secondary screens were carried out using Hela-OCT2 cells. These cells were 
preincubated with 10 μM concentration of TKIs for 15  min, followed by incubation with OCT2 substrate [14C]-TEA. 
Data are presented as percentage OCT2 activity (TEA uptake) as compared to DMSO group. D) HEK293-hOCT2 and 
HEK293-mOct2 cells were preincubated with varying concentrations of dasatinib for 15 min, followed by incubation 
with 2 μM [14C]-oxaliplatin for 15 min. Data are presented as percentage OCT2 activity (oxaliplatin uptake) as 
compared with DMSO group. All experimental values are presented as mean±s.e. The height of error bar = 1 s.e.  
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Figure 2.3 Functional regulation of OCT2 by tyrosine phosphorylation. A) Hela-Vector or Hela-OCT2 cells were 
treated with either DMSO, TKIs (1 mM) or 500 mM imipramine for 30 min. Cell lystates were then used for 
immunoprecipitation of FLAG-OCT2 with mouse anti-FLAG antibodies, followed by western blot analysis with rabbit 
phospho-tyrosine and FLAG antibodies. B) Plasmids for OCT2 mutants were transiently transfected into Hela cells 
and 24 h later, uptake assays (15 min) were performed using [14C]-TEA (2 mM). TEA uptake levels were normalized 
to protein levels in each group. The graph represents relative OCT2 function (TEA uptake) as compared with wild-
type OCT2 transfected group. C,D) Plasmids for indicated OCT2 mutants were transiently transfected into Hela cells 
and 24 h later, uptake assays were performed using varying concentration of [14C]-TEA. TEA uptake levels were 
normalized to protein levels in each group and graphs represent Michaelis–Menten kinetics and calculated ratio of 
Km/Vmax values, which are indicative of transporter activity. E) Hela cells were transiently transfected with indicated 
FLAG-tagged OCT2 constructs, followed by immunopreicipation with anti-FLAG bead conjugated antibodies and 
western blot analysis by FLAG and phosphotyrosine antibodies. F) Hela cells were transiently transfected with 
indicated plasmids, followed by TEA uptake assays in the presence of DMSO or 1 mM dasatinib. * indicates 
statistically significant as compared to respective DMSO treated group (Student’s t-test). All experimental values are 
presented as mean±s.e. The height of error bar = 1 s.e.  
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We next considered if TKIs inhibited OCT2 through a competitive mechanism. We found that 

OCT2 inhibiting TKIs, including dasatinib were not OCT2 substrates (Figure S2.1C) and dasatinib-

mediated OCT2 inhibition was found to be non-competitive (Figure S2.1D). In addition, dasatinib-

mediated OCT2 inhibition was found to be reversible (Figure S2.1E). A previous study24 also 

reported dasatinib-mediated OCT2 inhibition albeit with significantly less potency. In that study,24 

the substrates and inhibitors were co-incubated, while we preincubated cells with dasatinib. 

Indeed, preincubation with TKIs was sufficient and, in fact, more effective in inhibiting OCT2 

function than co-incubation (Figure S2.1F). 

Tyrosine phosphorylation is essential for OCT2 function To gain further mechanistic insights, 

we performed surface biotinylation assays and found that TKIs did not affect membrane OCT2 

expression (Figure S2.2A). Although tyrosine phosphorylation of OCTs has not been studied, we 

considered the possibility that TKIs might inhibit OCT2 function by modulating its tyrosine 

phosphorylation. Indeed, immunoprecipitation (IP) of FLAG-OCT2 from Hela-OCT2 cells showed 

that OCT2 was tyrosine phosphorylated (Figure 2.3A). Importantly, OCT2-inhibiting TKIs 

(dasatinib, nilotinib, pazoponib, sunitinib and vandetinib) also inhibited its tyrosine 

phosphorylation. This was not observed for lapatinib, a TKI that did not inhibit OCT2 as well as for 

imipramine, a competitive OCT2 inhibitor (Figure 2.3A). Tyrosine phosphorylation of OCT2 was 

further corroborated by reverse-IP experiments, where we immunoprecipitated total tyrosine 

phosphorylated proteins using a phosphotyrosine antibody and could pull-down FLAG-OCT2 

(Figure S2.2B). Moreover, tyrosine phosphorylation of OCT2 was inhibited by dasatinib in a time-

dependent manner, which indicated that OCT2 tyrosine phosphorylation could be a dynamic 

process (Figure S2.2C).  

To identify the phosphotyrosine sites in OCT2 we utilized computational prediction tools65 and 

PhosphoSite,66,67 a database of post-translational modifications derived from discovery-mode 

tandem mass spectrometry (MS) experiments. Subsequently, functional assays of several tyrosine-

to-phenylalanine OCT2 mutants showed that mutations at three sites (241, 362 and 377) 

substantially reduced OCT2 function, without affecting membrane OCT2 expression (Figure 2.3B 

and Figure S2.2D,E). These three sites were originally selected on the basis of MS data in 

PhosphoSite,66,67 which showed that the Y241 site in OCT2 is tyrosine phosphorylated while sites 

corresponding to OCT2 Y362 and Y377 are tyrosine phosphorylated in the closely related 

transporters OCT1 and OCTN2. Interestingly, tyrosine-to-phenylalanine mutations at 
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computationally predicted tyrosine sites had no effect on OCT2 function, while all the three sites 

for which MS data exist in PhosphoSite were found to be important for OCT2 function. Further 

kinetic experiments showed that the three mutants had reduced OCT2 function, with Y362F 

mutation having the most dramatic effect (Figure 2.3C,D). Immunoprecipitation experiments 

showed that the Y362F mutant had significantly reduced tyrosine phosphorylation, which was 

further diminished in the triple-mutant (Y241F-Y362F-Y377F, denoted as 3Y–3F; Figure 2.3E). 

These three sites are evolutionarily conserved (Figure S2.2F). While these OCT2 mutants had lower 

baseline function, they were resistant to dasatinib-mediated OCT2 inhibition (Figure 2.3F).  

To understand how post-translational modifications affect OCT2 function, we considered the 

possibility that tyrosine phosphorylation may regulate OCT2 oligomerization. However, single-

molecule subunit analysis68,69 experiments showed that OCT2 most likely exists as a monomer 

(Figure S2.3A-C). 

Although the crystal structure of OCT2 is not known, previous OCT1 structural models27 and new 

OCT2 modeling data (Figure S2.3D) suggest that the Y362 site is localized close to the substrate-

binding domain. This raises the possibility that the negative charge provided by a phosphotyrosine 

may enhance substrate binding of positively charged organic cations. However, we cannot rule out 

the possibility that the Y362F mutant has reduced function due to diminished substrate binding, 

but the presence of MS data66 showing tyrosine phosphorylation at this site in OCT1 combined with 

our results that Y362F OCT2 mutant has reduced tyrosine phosphorylation and is resistant to 

dasatinib-mediated OCT2 inhibition suggests that the reduced function of Y362F mutant could be 

due to decreased tyrosine phosphorylation. 

siRNA screen identifies Yes1 as OCT2 phosphorylating kinase To identify upstream kinases 

involved in OCT2 phosphorylation, we performed a primary siRNA screen using a human protein 

kinase siRNA library (779 genes; Dharmacon) to knockdown protein kinases in HEK293-OCT2 

cells followed by functional assays (Figure 2.4A). The siRNAs (tyrosine kinases) that reduced OCT2 

function to ≤75% without affecting cell viability were selected for further consideration (Figure 

2.4B). Next, we performed a deconvolution secondary screen with ASP+ as OCT2 substrate (Figure 

2.4C) and an additional secondary screen utilizing pooled siRNAs (Sigma) with TEA as OCT2 

substrate (Figure 2.4C and Figure S2.4). On the basis of the positive hits from both these secondary 

screens, we narrowed down the putative targets to KDR, LYN and Yes1 (Figure 2.4C). To 
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unambiguously identify the TKI-sensitive protein kinase that phosphorylates OCT2, we carried out 

tertiary screens utilizing a chemical genetics approach.70 The TKI resistance of gatekeeper mutants 

of KDR, LYN and Yes1 was initially confirmed (Figure S2.5A). We then transfected Hela-OCT2 cells 

with either the wild-type or TKI-resistant (gatekeeper) mutants70 of KDR, LYN and Yes1, followed 

by dasatinib treatment and OCT2 uptake assays. As shown in Figure 2.4D, only the TKI-resistant 

Yes1 mutant was able to rescue OCT2 inhibition by dasatinib. The TKI-resistant Yes1 mutant was 

also able to significantly rescue OCT2 inhibition by other TKIs (Figure S2.5B). Moreover, Yes1 

knockdown significantly reduced OCT2 tyrosine phosphorylation (Figure 2.4E). Indeed, previous 

analysis of kinase inhibition selectivity71 has shown that all the TKIs that inhibited OCT2 function 

can inhibit Yes1 (Figure S2.6A). Moreover, other non-TKI Yes1 inhibitors like dorsomorphin72 were 

also found to be potent OCT2 inhibitors (Figure S2.6B). Importantly, OCT2 phosphotyrosine sites 

have sequences similar to known Src family kinase substrates (Figure S2.7A). In vitro kinase assays 

with purified Yes1 and OCT2 proteins showed that Yes1 can phosphorylate OCT2 and this tyrosine 

phosphorylation is significantly reduced in the Y362F and 3Y–3F mutants (Figure S2.7B). These 

data suggest that Yes1 is the TKI-sensitive kinase that can directly phosphorylate OCT2. On the 

basis of these studies, we propose that these three tyrosines may be phosphorylated by Yes1, but 

Y362 might be the major phosphotyrosine site that has greater functional relevance. On the basis of 

these studies, Yes1 inhibition is likely a key mechanism of dasatinib-mediated OCT2 inhibition, 

however, the role of other kinases as well as other non-kinase mechanisms cannot be excluded for 

other TKIs.  
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Figure 2.4 Functional regulation of OCT2 by tyrosine phosphorylation. A) Scheme depicting the assay 
conditions used in the primary siRNA kinome screen to identify an OCT2 phosphorylating kinase. HEK293-OCT2 
cells were reverse transfected with the siRNA library and plated in 384-well plates, followed by incubation functional 
uptake and viability assays. B) Positive hits from the primary screen. Only the tyrosine kinase hits (indicated in red) 
were used for secondary screens. C) Schematic representation of secondary screens: deconvoluted screen using 
Dharmacon siRNA and Sigma siRNA screen. The siRNA that inhibited OCT2 function to at least 75% are indicated 
in red. D) Hela-OCT2 cells were transfected with either wild-type or dasatinib resistant KDR, LYN or Yes1 plasmids 
and 24 h later, [14C]-TEA uptake assays were performed in the presence or absence of varying concentrations of 
dasatinib. The graph represents relative OCT2 function ([14C]-TEA uptake) as compared with DMSO group for each 
plasmid. E) Hela-OCT2 cells were transfected with Sigma siRNA (scrambled control or Yes1) and 48 h later, OCT2 
was immunoprecipitated to determine its tyrosine phosphorylation. Whole-cell lysate was used to confirm Yes1 
knockdown.  
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Tyrosine phosphorylation is conserved in OCTs While further exploring the OCT2 regulation by 

Yes1, we noticed that OCT2 has a proline-rich (PXXPR) sequence, which is known to bind Src 

Homology 3 (SH3)73,74 domain present in Yes1 (Figure 2.5A). Indeed, co-immunoprecipitation 

experiments showed that Yes1 can physically associate with OCT2 (Figure 2.5B), and mutations in 

the proline-rich SH3-binding domain reduced OCT2 function (Figure 2.5C) and tyrosine 

phosphorylation (Figure 2.5D). Although Yes1 is a non-receptor tyrosine kinase, it is both 

myristoylated and palmitoylated, which allows it to tether to membranes both in the endoplasmic 

reticulum (ER) and the plasma membrane.75 Tyrosine phosphorylated OCT2 was present in both 

the ER and plasma-membrane fractions (Figure S2.7C) and it is likely that Yes1 might phosphorylate 

OCT2 in the ER and/or at the plasma membrane (Figure 2.5E). The OCT2 phosphotyrosine sites are 

conserved in the related transporters OCT1 and OCT3, which are also inhibited by dasatinib (Figure 

S2.8A,B). The proline-rich SH3-binding sequence is also conserved in OCT1, OCT3, OCTN1 and 

OCTN2 (Figure S2.8A). In humans, a naturally occurring single nucleotide variant in the OCT1 gene, 

causing a P283L change, is known to reduce OCT1 function.76 Interestingly, this site is located in the 

proline-rich SH3 binding sequence of OCT1. To examine whether the phosphorylation-mediated 

regulation of OCT2 is conserved in OCT1 and OCT3, we carried out functional assays after 

mutagenesis of relevant sites. As shown in Figure 2.5F, OCT1 and OCT3 mutants that lacked either 

the putative phosphorylation sites or the proline-rich motif had significantly reduced function.  

The existence of a conserved regulatory mechanism in OCT1, OCT2, and OCT3 led us to question if 

other drug transporters are also regulated by tyrosine phosphorylation. Interestingly, MS data from 

global phosphoproteome studies66,67 suggest that a substantial fraction of clinically relevant 

transporters, drug-metabolizing enzymes, and ion channels have sites that are tyrosine 

phosphorylated (Figure S2.9). To test whether these phosphotyrosine modifications have a 

functional role, we generated tyrosine-to-phenylalanine mutants for the SLC-family drug-

transporters MATE154 and OATP1B1.55 Mutations at these conserved sites significantly reduced 

transporter activity, indicating functional relevance (Figure S2.10A-D). Moreover, distinct TKIs can 

inhibit these SLC-family drug transporters (Figure S2.11). These studies suggest that tyrosine 

phosphorylation may be a potentially widespread mechanism of drug transporter regulation that 

might be a target of deregulation by clinically used TKIs.  
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Figure 2.5 Yes1-mediated regulation of OCT2 tyrosine phosphorylation. A) Schematic representation of Yes1 
protein (upper panel) showing the SH3 domain. The lower panel shows the putative proline-rich SH3 binding 
sequence in OCT2. B) Endogenous Yes1 was immunoprecipitated from Hela-Vector and Hela-OCT2 cell lysates 
using a mouse anti-Yes1 antibody, followed by western blot analysis with rabbit anti-FLAG and Yes1 antibodies. C) 
Plasmids for OCT2 mutants were transiently transfected into Hela cells and 24 h later, uptake assays (15 min) were 
performed using [14C]-TEA (2 mM) or [14C]-metformin (50 mM). The uptake levels were normalized to protein 
concentration in each group. The graph represents relative OCT2 function (TEA or metformin uptake) as compared 
to wild-type OCT2 transfected group. * indicates statistically significant as compared with wild-type group (P<0.05, 
Student’s t-test). D) Hela cells were transiently transfected with indicated FLAG-tagged OCT2 constructs, followed 
by immunopreicipation with anti-FLAG antibodies and western blot analysis by FLAG and phosphotyrosine 
antibodies. E) Proposed model of Yes1 and OCT2 interaction. F) Plasmids for OCT1 and OCT3 mutants were 
transiently transfected in Hela cells and 24 h later, uptake assays (15 min) were performed using [14C]-TEA (2 mM). 
The uptake levels were normalized to protein concentration and the graph represents relative OCT2 function (TEA 
uptake) as compared with respective wild-type group. * indicates statistically significant as compared to wild-type 
group (P<0.05, Student’s t-test). All experimental values are presented as mean±s.e. The height of error bar = 1 s.e.  
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Figure 2.6 OCT2 tyrosine phosphorylation and functional regulation in vivo. A) Wild-type FVB mice were 
injected with either vehicle or dasatinib (15 mg/kg, p.o.) and 30 min later, the mice were euthanized and the kidneys 
were collected. Kidney tissue lysates were then used to immunoprecipitate endogenous Oct2 followed by western 
blot analysis by phosphotyrosine and Oct2 antibodies. B) Male FVB mice were injected with dasatinib (15 mg/kg) 
followed by pharmacokinetic analysis of dasatinib levels in the plasma. C) Wild-type and Oct1/2 -/- mice were 
injected with either vehicle or dasatinib (15 mg/kg, p.o.) and 30 min later they were injected with 0.2 mg/kg [14C]-
TEA (i.v.), followed by plasma collection at 5 min. The graph represents plasma TEA levels from n = 5 mice per 
group. * indicates statistically significant as compared with wild-type vehicle group (P<0.05, Student’s  t-test). D) 
Isolated renal tubules were co-incubated with dasatinib in the presence of the OCT2 substrate ASP+ (30 min), and 
relative uptake was measured compared with control group. E) Wild-type FVB mice were injected with either control 
or Yes1 siRNA by hydrodynamic tail-vein injection (25 mg in 0.5 ml of PBS). Three days later, the mice were injected 
i.v. with a 0.2 mg/kg dose of [14C]-TEA, and plasma levels of TEA were measured at 5 min (n = 5 mice per group). 
Kidneys were also collected to determine Yes1 knockdown. F) Wild-type and Yes1 -/- mice (n = 5) were injected 
with 0.2 mg/kg [14C]-TEA (i.v.) and plasma levels of TEA were measured at 5 min. G) Kidney tissue lysates from 
wild-type and Yes1 -/- were used to immunoprecipitate endogenous Oct2 followed by western blot analysis by 
phosphotyrosine and Oct2 antibodies. All experimental values are presented as mean±s.e. The height of error bar = 
1 s.e.  
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Figure 2.7 Yes1 inhibition mitigates Oct2-dependent oxaliplatin neurotoxicity. A) Wild-type FVB mice were 
injected with vehicle and the Oct1/2 -/- mice were injected with either vehicle or dasatinib (15 mg/kg, p.o.) and 30 
min later, DRGs were collected. DRG lysates were then used to immunoprecipitate endogenous Oct2 followed by 
western blot analysis by phospho-tyrosine and Oct2 antibodies. B) DRGs were collected from Wild-type and Yes1   
-/- mice. The upper panel shows representative blots from experiments where DRG lysates were used to 
immunoprecipitate endogenous Oct2 followed by western blot analysis by phosphotyrosine and Oct2 antibodies. 
The lower panel shows western blot results from total DRG lysates showing that Yes1 is expressed in DRGs in the 
wild-type mice. C) DRGs were collected from wild-type FVB mice, followed by satellite cell isolation and culture. The 
primary satellite cells were then plated in six-well plates followed by oxaliplatin uptake assays in the presence of 
DMSO, lapatinib or dasatinib (30 min). The graph represents relative oxaliplatin uptake as compared to DMSO 
group. * indicates a statistically significant difference compared with the DMSO group. D) Sensitivity to cold 
associated with a single dose of oxaliplatin (40 mg/kg) in wild-type mice pretreated with vehicle or dasatinib (15 
mg/kg, p.o.) as determined by a cold-plate test. The number of paw lifts or licks at baseline and following exposure 
to a temperature of 4 °C for 5 min at 24 h after drug administration was determined (n = 5). The graph represents 
relative percentage change in paw lifts/licks as compared with baseline values. E) Mechanical allodynia associated 
with a single dose of oxaliplatin (40 mg/kg) in wild-type mice pretreated with vehicle or dasatinib (15 mg/kg, p.o.), as 
determined by a Von Frey Hairs test. The force required to induce paw withdrawal in grams at baseline was 
measured following 24 h after drug administration (n = 5). The graph represents relative percentage change in paw 
withdrawal force as compared to baseline values. * indicates a statistically significant difference as compared with 
the baseline (untreated) values. All experimental values are presented as mean±s.e. The height of error bar = 1 s.e.  
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Yes1-mediated regulation of OCT2 function in the kidney We next examined whether OCT2 is 

tyrosine phosphorylated in vivo, initially in the kidney, a major site of OCT2 expression.77 

Endogenous OCT2 in murine kidneys was tyrosine phosphorylated, and dasatinib administration 

significantly inhibited OCT2 tyrosine phosphorylation (Figure 2.6A). Dasatinib administration 

followed by pharmacokinetic analysis showed that plasma dasatinib levels were significantly higher 

than the concentrations required for inhibiting OCT2 function in vitro (Figure 2.6B). Next, we 

utilized a previously established in vivo functional assay61 where the OCT2 substrate TEA is injected 

in mice and OCT2 inhibition under these conditions leads to increased plasma TEA levels. In the 

wild-type mice, dasatinib treatment led to increased plasma TEA levels (Figure 2.6C) and reduced 

urinary TEA excretion (Figure S2.12A), indicating OCT2 inhibition. Importantly, in the Oct1/2 

deficient mice, dasatinib treatment did not alter the TEA levels in the plasma or urine (Figure 2.6C 

and Figure S2.12A). Dasatinib-mediated OCT2 inhibition was further confirmed in ex vivo renal 

tubule uptake assays (Figure 2.6D).78 Next, we used hydrodynamic siRNA injection79 to knockdown 

Yes1 in the kidneys, which resulted in reduced OCT2 phosphorylation (Figure S2.12B) and 

diminished OCT2 function (Figure 2.6E and Figure S2.12C). Yes1 knockout mice also had reduced 

OCT2 function (Figure 2.6F and Figure S2.12D) and lower OCT2 tyrosine phosphorylation (Figure 

2.6G). The levels of dasatinib in the plasma of WT and Yes1-deficient mice was not significantly 

different (Figure S2.12E). These studies using multiple experimental approaches established that 

Yes1-mediated OCT2 phosphorylation is critical for OCT2 function in vivo. 

Yes1 inhibition ameliorates oxaliplatin-induced acute sensory neuropathy Finally, we examined 

whether inhibition of Yes1 can diminish OCT2 function in DRGs and reduce oxaliplatin-induced 

acute sensory neuropathy.57 Indeed, dasatinib treatment reduced OCT2 tyrosine phosphorylation 

in DRGs, the primary site of oxaliplatin uptake57 and peripheral neurotoxicity (Figure 2.7A). 

Moreover, DRGs isolated from Yes1-deficient mice had significantly reduced OCT2 tyrosine 

phosphorylation (Figure 2.7B). Since OCT2 is expressed in satellite cells in DRGs,57 we cultured 

primary satellite cells from murine DRGs. Uptake assays showed that dasatinib but not lapatinib 

inhibited oxaliplatin uptake in these cells (Figure 2.7C). To assess the therapeutic potential of 

dasatinib in preventing oxaliplatin-induced acute sensory neuropathy, we performed experiments 

in previously established mouse models.57 Dasatinib treatment significantly mitigated both 

mechanical allodynia and cold sensitivity, markers of oxaliplatin-induced acute sensory neuropathy 

(Figure 2.7D,E), without affecting the systemic disposition of oxaliplatin (Figure S2.13A,B) or the 

metabolism and plasma levels of fluoropyrimidines such as fluorouracil,80 which are commonly 
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given concurrently with oxaliplatin (Figure S2.13C,D). Furthermore, Yes1-deficient mice were also 

protected from oxaliplatin-induced acute sensory neuropathy (Figure S2.14). While we observed 

that Yes1 inhibition resulted in significant mitigation of oxaliplatin-induced acute sensory 

neuropathy, the effect of dasatinib on chronic neuropathy is currently unknown. However, recent 

studies have shown that chronic neuropathy correlates with the severity of acute sensory 

neuropathy,81 raising the possibility that reduction in acute symptoms could also provide 

protection from chronic neuropathy.  

Discussion  

Tyrosine phosphorylation is a key regulatory mechanism of intra- and intercellular signaling in 

metazoans.82 Recent global phosphoproteomic analysis using high-throughput, high-sensitivity 

MS66,67,83,84 have revealed an unexpectedly complex repertoire of proteins that can be tyrosine 

phosphorylated. Extensive tyrosine phosphorylation in secreted or extracellular proteins was one 

such unexpected observation, which later led to the identification of VLK (vertebrate lonesome 

kinase) as a secreted tyrosine kinase that acts in the extracellular environment.85 Analysis of these 

global phosphoproteome data66,67 have now revealed that membrane transporters in general, and 

‘multispecific’ drug transporters in particular, are tyrosine phosphorylated. Functional studies 

showed that many important SLC-family drug transporters (OCT1, OCT2, OCT3, MATE1 and 

OATP1B1)46 might be regulated through tyrosine phosphorylation. This regulatory mechanism was 

explored in depth for OCT2, which led to the identification of the Src family kinase Yes1 as the 

kinase responsible for OCT2 tyrosine phosphorylation both in vitro and in vivo.  

Identification of tyrosine phosphorylation as a crucial mechanism of drug transporter regulation 

has potentially wide ranging implications. Drug–drug interactions or genetic polymorphisms that 

alter transporter function are known to greatly affect therapeutic outcomes, including efficacy as 

well as toxicities.47 Our study suggests that deregulation of post-translational modifications of drug 

transporters might have similar pharmacological consequences. We show that TKIs can be a 

potential cause of such deregulation. Tyrosine kinases are major targets of not only currently used 

drugs, but also of ongoing drug discovery programs.56 Interestingly, several clinically used TKIs are 

known to modulate drug transporter functions.24,86,87 Some of these interactions could be 

competitive, while, in case of ABC transporters, TKIs could occupy ATP-binding sites. However, as 

we show here for OCT2, TKIs can also inhibit drug transporters by targeting tyrosine kinases 
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essential for their function. Multiple TKIs that target Yes1 and other potent Yes1 inhibitors like 

dorsomorphin inhibited OCT2 function. Importantly, TKI-resistant Yes1 was able to rescue OCT2 

inhibition, providing compelling evidence in support of our hypothesis.  

The Yes1 kinase is a member of Src family of non-receptor tyrosine kinases (SFK) involved in 

diverse cellular processes.88 Among SFKs, Src, Fyn and Yes1 are expressed in a variety of cell types, 

while the rest are restricted to haematopoietic cells.89 Yes1 is highly expressed in the epithelial cells 

of the kidney, intestine, liver and lung.90 While Yes1-deficient mice do not show any overt 

phenotype, they have significantly reduced transcytosis of polymeric immunoglobulin A across 

epithelial cells.91 Our study suggests that through OCT2 phosphorylation, Yes1 may also regulate 

the transport of organic cations across epithelial cells. Interestingly, Yes1 has been implicated in the 

phosphorylation of occluding,92 which is essential for epithelial tight junction maintenance. Higher 

Yes1 expression in epithelial cells, its role in transcytosis of macromolecules, and tight junction 

maintenance, combined with our identification of its role in OCT2 regulation raises the possibility 

that among the SFKs, Yes1 might have functionally diverged to regulate transport processes across 

epithelia. 

The clinically used Yes1 inhibitor dasatinib64 reduced OCT2 function in both cell culture and ex vivo 

models. Importantly, we carried out proof-of-principle experiments to determine the in vivo effect 

of pharmacological or genetic inhibition of Yes1 on OCT2 function at two major sites the kidneys 

and DRGs. These studies showed that renal OCT2 phosphorylation and function was significantly 

reduced by Yes1 inhibition in vivo. Similarly, dasatinib-mediated Yes1 inhibition or genetic Yes1 

knockdown reduced OCT2 phosphorylation and function in the DRGs. These studies utilizing two 

models, which provide an in vivo readout of OCT2 function, suggest that Yes1 is essential for OCT2 

phosphorylation and function in vivo. These studies also suggest that Yes1 could be 

pharmacologically targeted to reduce OCT2 function. OCT2 inhibition has the potential to mitigate 

acute sensory neuropathy,57 a debilitating and common side effect of chemotherapy,93 which occurs 

in part, due to OCT2-mediated oxaliplatin uptake in the DRGs. However, the clinical translation of 

these findings would require in-depth studies to determine the effect of combining oxaliplatin and 

dasatinib on both the anti-cancer efficacy and acute as well as chronic neuropathy. 

Collectively, in the current study, we have uncovered the underappreciated role of post-

translational regulation of drug transporters. These drug transporters are highly expressed in 
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intestine, liver, and kidney, major tissues that regulate absorption, distribution, metabolism, and 

excretion of drugs, including TKIs. Due to TKI accumulation in these tissues, drug transporters are 

uniquely vulnerable to phosphorylation-mediated interaction with TKIs. We propose that widely 

used therapeutics that target protein kinases, either due to inhibition of ‘on-target’ or ‘off-target’ 

protein kinases, can alter post-translational modifications of drug transporters and possibly drug-

metabolizing enzymes and ion channels, which has widespread pharmacological implications. 

Methods  

Cell culture and reagents Parental Hela, HEK293 cells were obtained from American Type Culture 

Collection (ATCC). Hela, HEK293, Hela-OCT2 and HEK293-OCT2 cells were cultured in DMEM 

supplemented with 10% FBS and grown at 37 °C in a humidified incubator containing 5% CO2 as 

described previously21. Lipofectamine 2000 or LTX (Life Technologies) reagent was used for 

transient transfections, followed by uptake assays, 24 h later. Tyrosine kinase inhibitors were 

obtained from Sigma-Aldrich or Selleckchem. Radiolabelled compounds were obtained from 

American Radiochemicals or Moravek Biochemicals. 

Site-directed mutagenesis The OCT1, OCT2, OCT3, MATE1, OATP1B1, YES1, LYN and KDR 

plasmids with pCMV6-Entry (C-terminal FLAG tagged) backbone were obtained from Origene. The 

QuikChange II XL Site-Directed Mutagenesis Kit (Agilent) was utilized to generate mutants, 

according to suggested methods. The mutagenesis primers were designed using the QuikChange 

Primer Design program and synthesized by Integrated DNA Technologies. These plasmids were 

sequenced to confirm successful mutagenesis and then used for transient transfection experiments. 

Protein analysis Whole-cell lysates from cultured cells and tissues were made in modified RIPA 

buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 2.5 mM 

sodium pyrophosphate, 1 mM beta-glycerophosphate, protease and phosphatase inhibitors) 

supplemented with 1% SDS. Membrane extracts from cultured cells were prepared using Cell 

surface protein isolation kit from Pierce (89881), while the Endoplasmic reticulum isolation kit was 

obtained from Sigma (ER0100). Lysates for immunoprecipitation were made in modified RIPA 

buffer supplemented with 0.1% SDS. Lysates for co-immunoprecipitation experiments were made 

in modified RIPA buffer supplemented with 0.2% β-maltoside. Immunoprecipitation was carried 

out using anti-FLAG (EZview Red ANTI-FLAG M2 Affinity Gel, Sigma) and anti-phosphotyrosine 
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(P-Tyr-1000 Rabbit mAb Sepharose) beads. Invitrogen Bis-tris gradient mini or midi-gels were 

used for western blot analysis, followed by detection by ECL reagent (Cell Signaling). Primary 

antibodies used were from cell signaling: FLAG (14793) and Phospho-Tyrosine (8954), Santa Cruz 

Biotech: Yes1 (8403), Phospho-Yes1 (130182), Na+/K+ ATPase (sc28800) and β-actin (47778), Alpha 

diagnostic international: Oct2 (OCT21-A) and Abcam: Transferrin receptor (ab84036) and PDI 

(ab5484). All primary antibodies were used at 1:1,000 dilution. Secondary antibodies were from 

Jackson Immunoresearch and used at 1:4,000 dilutions. The enzyme activity of recombinant DPD 

was measured as previously described.94 

Cellular accumulation studies Uptake experiments were performed with tetraethylammonium, 

oxaliplatin, metformin and ASP+ using standard methods,57,61 in the presence or absence of 

inhibitors with results normalized to uptake values in cells transfected with an empty vector or 

DMSO-treated groups. In typical uptake experiments, medium was removed, cells were rinsed with 

PBS, followed by preincubation with either DMSO or inhibitors for 15 min, followed by addition of 

substrate and uptake measurement after 10–15 min incubation. Fluorescence measurements were 

done for ASP+, while uptake for other substrates was measured by scintillation counter as described 

previously.95 

Small-molecule HTS for OCT2 inhibitors HEK293 cells stably overexpressing OCT2 were used 

for optimizing the assay conditions for HTS of OCT2 inhibitors. Briefly, for the primary screen, 

cells were plated at 3,500 cells per well in 25 ml medium per well (384-well black clear bottom 

plates, tissue culture treated) and on day 3, compounds were transferred (final test compound at 28 

mM concentration and positive control was 140 mM imipramine) along with OCT2 substrate ASP+ 

at 5.6 mM and incubated for 10 min, followed by three wash cycles and fluorescence measurement 

(excitation 492 nm/emission 590 nm). Data analysis and positive hit selection was done according 

to standard methods. Compounds that inhibited OCT2 activity by 490% were considered as 

positive hits. TKIs, which were selected for further investigation, were then validated in secondary 

screens using standard uptake assays. 

siRNA kinome screening HEK293-OCT2 cells were used for the siRNA kinome screening using 

methods similar to a previous study.96 Briefly, the Dharmacon human siRNA library targeting 

protein kinases and related genes (total 779 genes) and containing four pooled siRNAs for each gene 

was utilized for this purpose. Briefly, the HEK293-OCT2 cells were plated in 384-well plates and 
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reverse transfected with 25 nM siRNA using Lipofectamine RNAiMAX reagent (Life Technologies). 

At 48 h post-transfection, cells were incubated with using 10 mM ASP+ 4-(4-

(dimethylamino)styryl)-N-methylpyridinium iodide followed by fluorescence readout of OCT2 

function. This was followed by CellTiter-Glo Luminescent Cell Viability Assay (Promega). The 

siRNAs that reduced OCT2 function to ≤75% of control siRNA without affecting cell viability were 

selected for secondary screen. Deconvoluted secondary screen were performed by methods similar 

to the primary screen. In a separate secondary screen, Hela-OCT2 cells were reverse transfected 

with pooled siRNA (Sigma) and plated in 24-well plates, followed by uptake assays with 2 mM TEA 

after 48 h. 

Single-molecule imaging Single-molecule imaging on X. laevis oocytes was performed after 1 day of 

expression at 18 degrees using Total Internal Reflection Fluorescence Microscopy (TIRFM) set-up 

as described elsewhere.68,69,97 Briefly, oocytes were manually devitellinized and placed on high 

refractive index coverglass (n = 1.78) and imaged using Olympus 100X, numerical aperture 1.65 oil 

immersion objective at room temperature. mEGFP-tagged OCT2 (at C terminus) was excited using 

a phoxX 488 (60 mW) laser. Six hundred frames at the rate of 20 Hz were acquired for subunit 

counting. Only single, immobile and diffraction-limited spots were analysed. The number of 

bleaching steps was determined manually for each single spot included in the analysis. The error 

bars in subunit-counting data show statistical uncertainty in counting and are given by On, where n 

= number of counts. In addition, SiMPull was performed on whole oocyte or only plasma membrane 

as described previously. Briefly, channels/flow chambers were prepared on coverslips passivated 

with monofunctional and biotinylated polyethylene glycol. Biotinylated anti-EGFP antibody 

(Abcam) was then immobilized by incubating 40 nM of antibody on Neutravidin (Thermofisher) 

coated channels. Sample lysate was flown through the channels and TIRFM imaging and single-

molecule counting analysis was done as described above. 

OCT2 structural modeling Human OCT2 (SLC22A2; accession number O15244) was modeled 

based on the 2.9 Å resolution X-ray structure of a high-affinity phosphate transporter PiPT (PDB ID 

4J05).27 The template was selected because of the shared MFS fold assignment structure quality, 

and sequence similarity to OCT2. The sequence alignment was obtained by manually refining the 

combined output from PROMALS3D98 and MUSCLE99 servers. One hundred models were 

generated using the automodel class of MODELLER 9.13100 and subsequently assessed by the 

normalized discrete optimized protein energy (zDOPE)101 potential and the protein orientation-
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dependent statistically optimized atomic potential (SOAP-Protein-OD).102 The top scoring models 

were used for mapping possible phosphorylation sites. The ligand was copied from the PiPT 

structure as a rigid body for illustrative purposes only. 

Yes1 kinase assay Yes1 recombinant human protein was obtained from Life technologies (A15557). 

To purify OCT2 proteins, FLAG-tagged wild-type or mutant OCT2 constructs (described in the 

site-directed mutagenesis section) were subcloned into pT7CFE1-CHis plasmid (Thermo Fischer). 

These constructs were then used for in vitro translation using a HeLa cell lysate-based kit (1-Step 

Human Coupled IVT Kit – DNA; 88881, Life Technologies). The in vitro translated proteins were 

then purified using His Pur cobalt spin columns (Thermo Scientific). For in vitro kinase assays, 

recombinant Yes1 and purified OCT2 proteins were incubated in a kinase buffer (Cell Signaling, 

9802) supplemented with cold ATP (Cell signaling, 9804) at 30 °C for 30 min. After the incubation 

period, the reaction was terminated and OCT2 proteins were immunoprecipitated by FLAG tagged 

beads (described in the Protein Analysis section) followed by western blot analysis to determine 

OCT2 tyrosine phosphorylation. 

Animal experiments Yes1-deficient mice (129S7 background, stock no. 002280) were obtained 

from Jackson laboratories and Oct1/2-deficient mice (FVB background, model no. 6622) were 

obtained from Taconic and heterozygous mice were bred in-house to obtain wild-type and knock-

out littermates. For some experiments, wild-type FVB mice were obtained from Taconic. For all 

experiments, age matched (8–12 week) male mice were used. Animals were housed in a 

temperature-controlled environment with a 12 hour light cycle and given a standard diet and water 

ad libitum. All animals were housed and handled in accordance with the Institutional Animal Care 

and Use Committee of St Jude Children’s Research Hospital or approved by a governmental 

committee overseeing animal welfare at the University of Münster and performed in accordance 

with national animal protection laws. For TEA experiments, [14C]-TEA (0.2 mg/kg) was injected 

intravenously followed by plasma collection 5 min later. Urinary bladder, renal and liver tissues 

were also collected and tissue or plasma TEA levels were measured by scintillation counter. Similar 

experiments were carried out after dasatinib (15 mg/kg oral gavage) administration and TEA 

injection (intravenous), 30 min later. For hydrodynamic injection, siRNAs from Ambion (25 mg in 

0.5 ml of PBS) or 0.5 ml of PBS was rapidly injected into the tail vein. After 48 h, [14C]-TEA (0.2 

mg/kg) was injected followed by plasma and tissue collection. Plasma TEA levels were used to 

determine OCT2 function, while renal tissues were processed for western blot analysis to 
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determine Yes1 knockdown and OCT2 tyrosine phosphorylation. The ex vivo renal tubule uptake 

assays were performed as described previously.78,103 For pharmacokinetic analyses, male wild-type 

or Oct1/2 mice were administered oxaliplatin (i.p. 10–40 mg/kg) and/or dasatinib (oral gavage 15 

mg/kg). Plasma was collected at various time intervals. Urine was collected from animals housed in 

metabolic cages for 72 h after oxaliplatin administration. Oxaliplatin levels were analysed by 

flameless atomic absorption spectrometry57 and dasatinib levels were measured by LC-MS/MS as 

described previously.104 

Mice DRG isolation L4 DRGs were extracted from male 8- to 12-week-old mice as reported 

previously19. For whole-cell lysate preparation and immunoprecipitation experiments, DRGs from 

two mice were pooled, lysed in RIPA buffer, followed by standard immunoprecipitation and 

western blot analysis. For primary satellite cell culture, the extracted DRGs were further processed 

according to a modified protocol based on a previous study.105 Briefly, DRGs from two mice were 

collected in a 1.5-ml tube containing 500 ml of ice-cold PBS without Ca2+ and Mg2+, supplemented 

with antibiotics and D-glucose (6 mg/ml). DRGs were then digested in 500 ml of 5 mg/ml 

collagenase for 20-60 min at 37°C; followed by addition of 100 ml of 0.25% trypsin, in the last 10 

min of incubation. At the end of the incubation, 600 ml DMEM (10% FBS and antibiotics) media 

was added and DRGs were mechanically dissociated using a 1-ml tip and transferred to a 25-cm2 

flask (with 10 ml medium), and incubated at 37°C for 2–3 h. At the end of this pre-plating time, 

neurons floating in the incubation media were removed by discarding the media, while satellite 

cells remained attached to the flask and were supplemented with fresh medium. After 4–7 days, 

when the cells reached confluence, they were detached with trypsin-EDTA and resuspended in 

fresh medium, and plated at a density of 100,000 cells per ml in six-well plates for further 

experiments. 

Mouse models of oxaliplatin neuropathy The mouse models of oxaliplatin neuropathy have been 

previously reported19. Thermal sensitivity associated with a single i.p. oxaliplatin dose (10 mg/kg) 

in male wild-type and Oct1/2 -/- mice was assessed by a cold-plate test. The number of paw lifts and 

licks when exposed to a temperature of 4 °C for 5 min was obtained for each mouse at 24 h before 

receiving oxaliplatin to determine the baseline levels. Data were recorded as the percentage change 

in the number of paw lifts or paw licks compared with baseline values when the animals were 

exposed to the same temperature 24 h. post-oxaliplatin administration. Mechanical allodynia was 

determined by a Von Frey Hairs test as described previously. Paw withdrawal was assessed in 
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triplicate on each hind paw with 5-min intervals. Data were recorded as the percent change of force 

(in g) necessary to promote paw withdrawal before and after oxaliplatin administration. 

Investigators conducting the experiments were blinded to the mouse genotypes. To determine the 

effect of dasatinib treatment on oxaliplatin neuropathy, male wild-type FVB mice were injected 

with dasatinib (oral gavage), followed by oxaliplatin injection intra-peritoneal 30 min later. Cold-

plate assay and Von Frey Hairs test were then performed as described above. 

Statistical considerations Data are presented as mean with s.e., unless stated otherwise. Statistical 

calculations (Student’s t-test or analysis of variance) were done using a Graph-pad Prism. P<0.05 

was considered statistically significant. 

Supplemental information 

Supplemental figures and tables are included below.  
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Figure S2.1 TKIs as OCT2 inhibitors. A) IC50 values of OCT2 inhibition in two different cell lines overexpressing 
OCT2. B) List of TKIs that are known to cause increased serum creatinine levels, which could be a result of OCT2 
inhibition. TKIs that have potent OCT2 inhibition activity are highlighted in red. C) HEK293 cells stably expressing 
vector, hOCT2 or mOct2 were incubated with indicated radiolabeled compounds (2 μM) and cellular accumulation 
(15 min) was measured by scintillation counter. The graph represents relative uptake values as compared to 
individual vector group, after normalization of protein levels. * indicates statistically significant as compared to 
vector (VC) group. D) HEK293-OCT2 cells were used for uptake assays ([14C]-TEA for 15 minutes) at two indicated 
TEA concentrations and in the presence of 0-1μM dasatinib. The graph depicts a Dixon plot. E) HEK293-OCT2 cells 
were treated with 10 μM dasatinib for 15 min. Then the drug was washed out, and TEA uptake assays were carried 
out at different time points between 0 and 8 hrs. Baseline OCT2 activity was determined in untreated cells at each 
time point. F) HEK293-OCT2 cells were either pretreated with dasatinib for 15 min, followed by TEA uptake assay in 
the absence of dasatinib (Pre-incubate group) or pretreated with DMSO, followed by TEA uptake assay in the 
presence of dasatinib (Co-incubate group) or pretreated with dasatinib, followed by TEA uptake assay in the 
presence of dasatinib (Pre+Co-incubate group).  
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Figure S2.2 Regulation of OCT2 tyrosine phosphorylation. A) Hela-OCT2 cells were treated with either DMSO or 
indicated TKIs (10 μM) for 30 min followed by membrane extraction and western blot analysis. Transferrin receptor 
(TfR) served as loading control. B) Hela-vector or Hela-OCT2 cells were lysed and a phosphotyrosine antibody was 
used for immunoprecipitation followed by western blot analysis. C) Hela-OCT2 cells were treated with 1μM dasatinib 
for indicated time points, followed by immunoprecipitation of FLAG-OCT2 and western blot analysis of tyrosine 
phosphorylated OCT2. D) Hela cells were transfected with indicated wild-type or OCT2 mutants and 24 hours later 
50 μM metformin was used for uptake assays (15 min). The graph represents relative uptake as compared to WT 
group. * indicates statistically significant as compared to WT group. E) Hela cells were transfected with vector, WT 
or mutant OCT2, followed by membrane preparation 24 hours after transfection. Transferrin receptor (TfR) served as 
loading control. F) The OCT2 protein sequence from indicated organisms was aligned by a multiple sequence 
alignment program (MAFFT).  
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Figure S2.3 Relevance of OCT2 tyrosine phosphorylation. A-C) Single-molecule subunit counting of organic 
cation transporter 2 Single-molecule irreversible photobleaching to count the number of mEGFPs per fluorescent 
spot (i.e., number of subunits per transporter) of OCT2 in live Xenopus oocyte plasma membrane A), Using whole 
oocyte lysate in SiMPull B) and Using oocyte plasma membrane lysate only in SiMPull C). (Left) Images show first 
frame of the movie to indicate density of spots. (Middle) Average frequency distributions of number of bleaching 
steps (black bars) with error bars indicating SEM. Dashed red line indicates theoretical binominal distribution for 
monomer. (Right) Fluorescence traces from single spots showing single step of photobleaching. D) OCT2 structural 
model showing the three proposed phosphotyrosine sites and the predicted substrate binding site.  
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Figure S2.4 Secondary kinase screen to identify OCT2 phoshorylating protein kinases. Hela-OCT2 cells were 
reverse transfected with 25 nM siRNA (Sigma, pooled) for indicated protein kinases and 72 hours later, OCT2 
functional assays were performed using TEA as a substrate (2 μM, 15 min). The graph represents relative uptake as 
compared to control siRNA transfected group. An arbitrary cut-off of ≤75% activity as compared to Control group 
was used to further short list candidate kinases (KDR, LYN and Yes1) that significantly affected OCT2 function. 
 

 

Figure S2.5 Effect of selected TKI resistant Kinase mutants on OCT2 function. A) Hela cells were transfected 
with WT and gatekeeper mutants of KDR, LYN and YES1. These cells were then treated with either DMSO (-) or 1μM 
Dasatinib for 15 min, followed by FLAG mediated immunoprecipitation of WT or gatekeeper kinases. The 
immunoprecipitates were then used for an in vitro kinase assay using Myelin Basic Protein (MBP) as a substrate (30 
min, 30 °C, 32P ATP). SDS-PAGE gels were run and relative kinase activity was calculated based on the 
densitometric analysis. * indicates statistically significant as compared to DMSO group B) Hela-OCT2 cells were 
transfected with either wild type or T319I gatekeeper mutant, followed by pre-treatment with indicated TKIs (1μM 
and 15 minutes). The pre-treatment was followed by uptake assays (15 minutes) using [14C]-TEA (2μM). * indicates 
statistically significant as compared to WT Yes1 treated groups.  

Supplementary Figure 4

Supplementary Figure 4: Secondary kinase screen to identify OCT2 phoshorylating protein kinases. Hela-OCT2

cells were reverse transfected with 25 nM siRNA (Sigma, pooled) for indicated protein kinases and 72 hours later, OCT2

functional assays were performed using TEA as a substrate (2 µM, 15 min). The graph represents relative uptake as

compared to control siRNA transfected group. An arbitrary cut-off of ≤ 75% activity as compared to Control group was

used to further short list candidate kinases (KDR, LYN and Yes1) that significantly affected OCT2 function.
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Figure S2.6 Small molecule Yes1 inhibitors reduce OCT2 function. A) TKIs that inhibit OCT2 are also Yes1 
inhibitors (ref. 71). B) Hela-OCT2 cells were pre-treated (1 μM) with indicated compounds including Yes1 inhibitors 
followed by OCT2 uptake assays using TEA as substrate (2 μM, 15 min). The data is presented as relative OCT2 
activity as compared to DMSO group. Hyphen (-) in the lower panel indicates that Kd values are unknown. 
 

 

Figure S2.7 Yes1 can phosphorylate OCT2. A) The OCT2 protein sequence surrounding the Y241 and Y362 sites 
was aligned with other known Src family kinase substrates (PhosphoSite). Multiple Src family substrates had sites 
similar to sequence surrounding Y241 and Y362 sites in OCT2. B) Purified FLAG-OCT2 wild-type or Y/F mutants 
and Yes1 were used in a kinase assay in the presence or absence of ATP, followed by His-OCT2-IP and western 
blot analysis of OCT2 tyrosine phosphorylation and determination of total OCT2 and Yes1 protein levels. C) 
Indicated subcellular fraction were isolated from Hela-OCT2 cells, followed by FLAG-IP of OCT2 and western blot 
analysis. The lower panel shows the blots from the indicated lysates and Na+/K+ ATPase (plasma membrane), 
Protein disulfide isomerase (PDI) (Endoplasmic reticulum) and β-actin (cytosol) were used to check the purity of the 
isolated fractions.  
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Figure S2.8 Tyrosine phosphorylation sites are conserved in OCTs. A) The protein sequence of indicated human 
organic cation and anion transporters of SLC22 family proteins was aligned by a multiple sequence alignment 
program (MAFFT). B) HEK293 stably expressing OCT1, OCT2 and OCT3 were used for uptake assays (SLC22A -
TEA and Oxaliplatin) in the presence of 10 μM dasatinib. The graphs represent relative transporter activity for 
indicated substrates as compared to vector (VC) group.  
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Figure S2.9 Drug-transporters and tyrosine phosphorylation. A) Analysis of high-throughput global 
phosphorylation data (PhosphoSite) suggests that multiple drug-transporters have phosphotyrosine sites. B) 
Representative figure showing the localization of important drug-transporters.  
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Figure S2.10 MATE1 and OATP1B1 mutants that lack phospho-tyrosine sites have reduced activity. A,B) 
HEK293 were transfected with indicated MATE1 constructs and uptake assays (15 min incubation) were performed 
using 2 μM TEA and 50 μM metformin as substrates C,D) HEK293 were transfected with indicated OATP1B1 
constructs and uptake assays were performed using C) estradiol-17β-d-glucuronide (E2G) (0.1 μM; 5 min 
incubation) and D) 8-fluorescein-cAMP (8-FcA) (5 μM; 10 min incubation) as substrates. Graphs represent relative 
uptake activity as compared to WT group. * indicates statistically significant as compared to WT group.  
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Figure S2.11 Distinct TKI inhibit multiple SLC transporters. HEK293 cells expressing indicated transporters were 
pre-incubated for 15 min with 10 μM TKIs, followed by uptake assays using indicated substrates for A) OATP1B1 
(0.1 μM estradiol-17β-d-glucuronide (E2G) for 5 min) B) MATE1 (2 μM TEA for 15 min) and C) OAT1 (5μM para-
aminohippurate (PAH) for 15 min).  
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Figure S2.12 Effect of genetic or pharmacological Yes1 inhibition on OCT2 function and phosphorylation in 
vivo. A) Wild type and Oct1/2 -/- mice were injected with either vehicle or dasatinib (15 mg/kg, p.o.) and 30 min later 
they were injected with 0.2 mg/kg C14-TEA (i.v.), followed by urine collection at 5 min. The graph represents urine 
TEA levels from n = 5 mice per group. * indicates statistically significant as compared to WT vehicle group. B) FVB 
mice were injected with control or Yes1 siRNA and 3 days later, kidneys were collected followed by OCT2 
immunoprecipitation and OCT2 phosphotyrosine levels were detected by western blot analysis. Yes1 and actin 
levels were determined in total cellular lysates. C) Wild type FVB mice were injected with either control or Yes1 
siRNA by hydrodynamic tail-vein injection (25 μg in 0.5 ml of PBS). Three days later, the mice were injected i.v. with 
a 0.2 mg/kg dose of [14C]-TEA, and urine levels of TEA were measured at 5 min. * indicates statistically significant 
as compared to untreated group D) Wild type and Yes1 -/- mice were injected with 0.2 mg/kg [14C]-TEA (i.v.) and 
urine levels of TEA were measured at 5 minutes. * indicates statistically significant as compared to WT vehicle. E) 
Wild type and Yes1 -/- mice were injected with dasatinib (15 mg/kg, p.o.) and 30 min, plasma was collected for 
dasatinib measurement.  
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Figure S2.13 Pharmacokinetic analysis of dasatinib, oxaliplatin and fluorouracil (5-FU). A) Plasma 
concentration-time profiles of total platinum (Ct) and unbound platinum (Cu) in wild type mice following oxaliplatin 
with and without dasatinib (10 mg/kg, p.o.). B) Plasma concentration-time profiles of total platinum (Ct) and 
unbound platinum (Cu) in Oct1/2 -/- mice following oxaliplatin with and without dasatinib (10 mg/kg, p.o.). C) DPD 
enzyme activity was measured in the presence of the indicated concentrations of dasatinib, lapatinib and 5-
bromovinyluracil, a known DPD inhibitor. D) Plasma-concentration time profiles of 5-FU (75 mg/kg, i.v.) in wild type 
mice in the presence (red) or absence (black) of dasatinib (mg/kg, p.o.; 15 min before 5-FU).  
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Figure S2.14 Yes1-deficient mice are protected from oxaliplatin neurotoxicity. Mechanical allodynia associated 
with a single dose of oxaliplatin (40 mg/kg) in wild type and Yes1 deficient mice as determined by a Von Frey Hairs 
test. The force required to induce paw withdrawal in grams at baseline was measured following 24 h after drug 
administration. The graph represents relative percentage change in paw withdrawal force as compared to baseline 
values. * indicates a statistically significant difference as compared with the baseline (untreated) values.  

Supplementary Figure 14

Supplementary Figure 14: Yes1-deficient mice are protected from oxaliplatin neurotoxicity. Mechanical allodynia

associated with a single dose of oxaliplatin (40 mg kg-1) in wild type and Yes1 deficient mice as determined by a Von Frey Hairs

test. The force required to induce paw withdrawal in grams (g) at baseline was measured following 24 h after drug administration.

The graph represents relative percentage change in paw withdrawal force as compared to baseline values. * indicates a

statistically significant difference as compared with the baseline (untreated) values.
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Discovery of competitive and non-competitive ligands of the organic cation 
transporter 1 (OCT1) 

The contents of this section have been submitted for publication in the following article: 

Discovery of competitive and non-competitive ligands of the organic cation transporter 1 (OCT1). 

Eugene C Chen, Natalia Khuri, Xiaomin Liang, *Adrian Stecula, Huan-Chieh Chien, Sook Wah Yee, 
Yong Huang, Andrej Sali, and Kathleen M Giacomini 
 Journal of Medicinal Chemistry. Submitted 2016. 

*The author’s contribution included comparative structure modeling of human OCT1 and docking 

of a prescription drug and endogenous metabolite libraries into the homology model, to 

supplement the high-throughput screening results. 

Introduction 

Organic cation transporter 1 (OCT1, SLC22A1), a polyspecific membrane transporter is among the 

most abundantly expressed transporters in human liver. Localized to the sinusoidal membrane of 

hepatocytes, OCT1 mediates the hepatic uptake of a diverse array of small positively charged 

hydrophilic compounds, including many endogenous bioactive amines (e.g., dopamine, histamine, 

and serotonin).106 Recently, we identified OCT1 as a high capacity transporter of thiamine in the 

liver, and showed that the transporter plays a key role in modulating hepatic energy status and lipid 

content.107 

Although the transporter clearly has important endogenous functions,107,108 OCT1 has been 

characterized primarily as a drug transporter, capable of transporting a wide variety of prescription 

drugs, including the anti-diabetic drug, metformin, and the opioid analgesic, morphine. Genetic 

variants of OCT1 with reduced function have been associated with decreased response to 

metformin,109 as well as high systemic plasma levels of morphine and the active metabolite of the 

opioidergic drug, tramadol.110 Further, administration of the calcium channel blocker, verapamil (a 

potent inhibitor of OCT1), has been shown to reduce response to metformin, presumably through 

reducing hepatic drug levels.111 In recognition of its critical role in drug disposition and response, 

OCT1 was included in a group of transporters of clinical importance by the International 

Transporter Consortium.46 In 2012, the European Medicines Agency (EMA) recommended in vitro 
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inhibition studies against OCT1 for investigational drugs in its Guidance on the Investigation of 

Drug Interactions.112 

To date, more than 50 inhibitors of OCT1 transport have been identified by in vitro inhibition 

studies using radioactive or fluorescent probe substrates.113,114 However, these studies have not 

identified the mechanisms by which inhibitors modulate OCT1 transport. Growing evidence 

suggests that OCT1-mediated transport can be inhibited in a “substrate-dependent” manner due to 

the presence of multiple, possibly overlapping binding sites on the protein.115 Identification and 

characterization of OCT1 ligands could be facilitated by the availability of an atomic structure. 

However, the three-dimensional structure of human OCT1 or its mammalian orthologs has not yet 

been determined. Although several residues important for substrate binding have been reported 

and rationalized with OCT1 comparative models built using atomic structures of bacterial 

homologs,8,28,29,31,116,117 accurate prediction of the binding site(s) remains challenging because of the 

low sequence identity between bacterial proteins and human OCT1. Recently, a structure of a high-

affinity phosphate transporter (PiPT) from the fungus Piriformospora indica was determined by X-

ray crystallography.27 The transporter shares approximately 20% sequence identity with human 

solute carrier (SLC) transporters, especially within the SLC22 family, thus providing a new 

opportunity for comparative modeling of OCT1 and virtual screening.27 

We used a combination of in silico and HTS methods to identify prescription drugs and endogenous 

metabolites that are ligands of OCT1, with the goals of predicting clinical drug interactions and 

understanding their interaction with OCT1 protein. To this end, we screened a prescription drug 

library in silico for compounds that interact with a predicted binding site on OCT1, using 

comparative structure modeling and virtual docking. In parallel, we conducted HTS for inhibitors 

of OCT1-mediated transport of the fluorescent ligand, ASP+, against the same prescription drug 

library. We identified 167 ligands in the screened library and predicted 30 competitive ligands. 

Moreover, we showed that by combining structure-guided ligand discovery with structure-activity 

relationship models from HTS data, competitive ligands of OCT1 could be predicted from 

endogenous and exogenous metabolites. 
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Results 

Comparative model of OCT1 and its validation by docking of known substrates We modeled 

human OCT1 based on the 2.9 Å structure of a high-affinity phosphate transporter PiPT, from 

Piriformospora indica, crystallized in an inward-facing occluded state with a bound substrate (PDB 

ID 4J05).27 The best scoring 3-dimensional model was selected using the normalized discrete 

optimized protein energy (zDOPE) potential.101 The zDOPE score of -0.22 suggests that 60% of its 

C-alpha atoms are within 3.5 Å of their correct positions.118 The model includes all 12 

transmembrane helices (TMHs), organized into the N- and C-terminal domains, and putative 

binding sites were identified in the translocation cavity between the two domains.116 The following 

regions were not modeled: a large extracellular loop between TMHs 1 and 2, an intracellular loop 

between TMHs 6 and 7, and the intracellular N- and C-termini. While these regions may play a role 

in OCT1 homo-oligomerization, studies in rat showed that homo-oligomerization does not affect 

substrate affinity and transport function.33 Because ASP+ was used as a probe substrate, we first 

docked ASP+ into two predicted binding sites and selected the site with the best score (-6.08) for all 

subsequent docking. Next, we validated the accuracy of the comparative model of the OCT1 

transporter by confirming that (1) known OCT1 substrates docked favorably against the predicted 

binding site and (2) residues implicated in OCT1 transport8,28,29,31 were localized in the predicted 

binding site, as follows. First, we docked 15 known OCT1 endogenous and drug substrates against 

the predicted binding site (Figure 2.8A). Twelve out of fifteen substrates (80%) had favorable 

(negative) docking scores, ranging from -24.44 for acyclovir to -2.88 for oxaliplatin (Figure 2.8B and 

Table S2.1). Positive scores for the three compounds (e.g., prostaglandins and pentamidine) resulted 

from steric clashes between ligand and transporter atoms, indicating that either the predicted 

binding site is too small to accommodate larger OCT1 ligands or that these compounds bind at a 

different site in the translocation pore. We also performed an enrichment analysis of docked 

substrates and decoys and computed a logAUC metric of 22.94, which suggests docking accuracy 

comparable to previously reported virtual screening experiments for human SLC transporters.119,120 

Second, we analyzed favorable docking poses to determine the frequency of predicted hydrogen 

bonds between binding site residues and substrate molecules. Thirteen residues in TMH 4, 10, and 

11 formed hydrogen bonds with substrate molecules (Figure 2.8A). Previous mutagenesis studies and 

homology modeling efforts suggested that these residues are important for substrate binding and 

OCT1-mediated transport in other species.8,28,29,31,116,117 In particular, negatively charged D474 is 

important for interactions with positively charged OCT1 substrates. Additionally, in rat, mutations 
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of Y221 and D474 resulted in the reduced uptake of tetraethylammonium (TEA).28 Finally, docked 

substrates formed non-covalent interactions with W217, T225, I449, and Q447 in TMH 4, 10, and 11. 

The equivalent residues in rat have also been implicated in ligand-transporter interactions.29 

Prediction of new ligands by virtual screening and validation by HTS We predicted new ligands 

of OCT1 by docking each one of the 1,780 compounds in the Pharmakon drug library (MicroSource 

Discovery Systems) against the predicted binding site on the OCT1 model. From the 1,780 

compounds, 471 putative OCT1 ligands were predicted (normalized docking scores less than -1). 

These predictions were then tested by HTS of the entire Pharmakon library. The HTS assay relied 

on the uptake of the fluorescent substrate ASP+ by OCT1 overexpressing HEK cells to assess the 

activity of the transporter.114,121 The uptake of ASP+ was linear for the first 5 minutes, and the Km was 

determined to be 21.2 µM (Figure 2.9A,B). Thus, a substrate concentration of 2 µM was used to 

minimize the effect of substrate concentration on the IC50 values and an incubation time of 2 

minutes was used to measure the initial rate of uptake. The average Z-prime score of the HTS was 

0.80, indicating an reproducible assay.122 Of the 1,780 Pharmakon compounds, 167 compounds (9%) 

were determined to be OCT1 inhibitors (Figure 2.9C), defined as compounds that inhibited 50% or 

more of ASP+ uptake at 20 µM. Drugs known to inhibit OCT1 activity at 20 µM were generally 

confirmed by the screen. Of the 167 compounds, 30 were also predicted as inhibitors by virtual 

screening. The overall accuracy of virtual screening was 70%. The sensitivity and specificity of 

predictions were 77% and 12%. The low specificity is not surprising because the docking pipeline 

was executed in a fully automated fashion; in contrast, typical structure-based virtual screening 

involves manual post-docking selection of ligand poses.119,120,123  
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Figure 2.8 Predicted binding site of OCT1 and representative substrates. A) Thirteen residues (S29, F32, C36, 
N156, Y221, F273, W354, Y361, I446, S358, C450, C473, and D474) formed hydrogen bonds with docked substrate 
molecules. Six residues in the predicted binding site, W217, F244, I449, D357, Q447, and G476, participated in 
noncovalent and/or polar substrate-transporter interactions. OCT1 residues are shown as cornflower blue sticks. 
Structures of 12 favorably docked known OCT1 substrates are shown as orange sticks. Oxygen, nitrogen, sulfur, 
and hydrogen atoms are depicted in red, dark blue, yellow, and white, respectively. B) 2D structures of 
representative OCT1 substrates are drawn using MarvinView 14.7.7.0 (Chemaxon).  
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Figure 2.9 Uptake of ASP+ and HTS screening data. A) Time-dependent ASP+ uptake in HEK cells 
overexpressing OCT1 (l) or empty vector (n). B) Overexpressing OCT1 increases ASP+ uptake in HEK cells. ASP+ 
uptake studies were conducted in HEK cells overexpressing OCT1 or empty vector. Cells were incubated with 
increasing concentrations of ASP+ for 2 minutes. The uptake kinetic parameters were calculated using the 
difference in ASP+ accumulation between cells overexpressing OCT1 and empty vector cells. Data represent mean 
± s.d., n = 6 per data point. C) Distribution of inhibition values from HTS of 1,780 compounds. A total of 167 
Inhibitors were identified among the 1,780 Pharmakon compounds. D) The distribution of the 167 inhibitors in 
various pharmacological classes.  
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We examined the compounds predicted to be OCT1 ligands by the comparative model, but not 

identified as inhibitors by HTS. In view of the published literature, we identified 13 previously 

reported substrates and 5 inhibitors of OCT1. Among these predicted ligands, cimetidine (rank 21), 

metformin (rank 84), and thiamine (rank 200) inhibited OCT1-mediated uptake of ASP+ by 4.13%, 

11.1%, and -1.5%, respectively. The docking poses of all three compounds predicted favorable 

interaction with the comparative model; in particular, metformin and cimetidine formed hydrogen 

bonds with D474 (Figure 2.10A,B). The inability of HTS to identify some of the previously reported 

ligands can be explained by their OCT1 affinity, which is much weaker than that of ASP+. For 

example, the reported IC50 values of cimetidine and metformin for inhibition of OCT1-mediated 

transport of YM155 and MPP+ were 149 µM and 1,230 µM, respectively124,125, and the IC50 of 

thiamine was determined to be 4.1 mM (Figure S2.15). Because our HTS assay measured inhibition of 

OCT1 activity by test compounds at 20 µM, it was unable to identify ligands such as cimetidine, 

metformin, and thiamine. 

HTS identified tricyclic antidepressants, antihistamines, and α-adrenergic receptor agonists, 

agreeing with previously published results.114 HTS also identified a high proportion of ligands from 

other drug classes, including calcium channel blockers, β-adrenergic receptor agonists/antagonists, 

and muscarinic acetylcholine receptor agonists/antagonists (Figure 2.9D). Selected hits from 

different classes of drugs were validated in vitro (Table 2.1 and Figure S2.16). Finally, HTS identified 

drugs that were less studied to interact with OCT1, including carvedilol126 (an anti-hypertensive 

medication) and ethopropazine (an anti-Parkinsonian agent). Selected hits not known previously to 

interact with OCT1 were validated by determining their IC50 values in vitro (Figure 2.11). Analysis of 

the physicochemical properties showed that OCT1 ligands tend to have fewer hydrogen bond 

donors and acceptors and are less polar, but more lipophilic than non-ligands (Figure 2.12). As 

expected, ligands were more likely to be positively charged (Figure 2.12).  



 94 

Table 2.1 Summary of IC50 for selected inhibition studies. 
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Table 1. Summary of IC50 for selected inhibition studies.  
Name IC50 µM IC50, 95% Confidence Intervals 

Ketoconazole 2.60 2.49 to 2.78 
Closantel 3.00 2.83 to 3.18 

Dobutamine 4.17 3.73 to 4.67 
Alfuzosin 14.87 11.92 to 18.54 
Erlotinib 16.24 11.34 to 23.26 

Carbetapentane 1.55 1.19 to 2.02 
Clotrimazole 11.97 9.97 to 14.38 

Bithionol 2.23 1.98 to 2.52 
Carvediolol 3.43 3.02 to 3.90 
Clonidine 18.98 15.82 to 22.77 

Trimethoprim 50.68 41.47 to 61.93 
Guanabenz 4.85 4.17 to 5.64 

Pyrimethamine 13.57 10.74 to 17.14 
Dichlorophene 8.41 6.612 to 10.69 

Imipramine 7.95 5.912 to 10.68 
Cloperastine 14.89 14.00 to 15.83 

Dextromethorphan 10.45 8.66 to 12.61 
Propafenone 15.54 14.04 to 17.20 

Tacrine 21.72 18.77 to 25.14 
Ethopropazine 20.46 18.31 to 22.86 
Nitroprusside 43.84 38.08 to 50.46 

Sunitinib 6.10 5.47 to 6.79 
Desipramine 9.18 8.08 to 10.41 

Doxepin 11.19 9.89 to 12.66 
Camylofine 9.12 8.03 to 10.36 
Thiamine 4354 3704 to 5119 
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Figure 2.10 Docking results and physiochemical properties of OCT1 ligands in the Pharmakon library. 
Compounds are shown in orange sticks and hydrogen bonds as black dotted lines. A) The predicted pose of 
metformin and its hydrogen bond with aspartic acid residue 474. B) Predicted pose of cimetidine and its hydrogen 
bonds with D474 and S29. C) Differences in distribution of physicochemical properties for predicted competitive 
(n=30) and non-competitive (n=137) inhibitors of OCT1. Only significantly different distributions are shown (Student 
t-test p-value < 0.05). 
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Figure 2.11 Selected inhibition studies of previously unknown OCT1 ligands. Estimated IC50 with 95% 
confidence limits in parenthesis. A) Alfuzosin, an α1 adrenergic receptor antagonist IC50 = 14.9 (11.9; 18.5) μM. B) 
Bithionol, an anthelmintic IC50 = 2.2 (2.0; 2.5) μM. C) Camylofine, an antimuscarinic IC50 = 9.1 (8.0; 2.5) μM. D) 
Carbetapentane, an antitussive IC50 = 1.6 (1.2; 2.0) μM. E) Carvedilol, a nonselective β/α1 adrenergic receptor 
antagonist IC50 = 3.4 (3.0; 3.9) μM. F) Dobutamine, a Sympathomimetic IC50 = 2.2 (2.1; 2.3) μM. Data represent 
mean ± s.d., n = 6 per data point.  
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Figure 2.12 Differences in physicochemical properties of 167 inhibitors and 1,613 nonhibitors. Boxplots of 
MW: molecular weight, HA: number of heavy atoms, MV: molecular volume, HBD: number of hydrogen bond 
donors, HBA: number of hydrogen bond acceptors, RB: number of rotatable bonds, SLogP, TPSA: total polar 
surface area, and Charge at pH 7.4. Statistically significant differences were estimated using Student’s t-test. 
Distributions of HBD, HBA, SLogP, TPSA, and Charge were significantly different between inhibitors and 
noninhibitors (p-value < 0.0001).  

 47

����������

 

 

 

 

 

 

 

Inh.                   Noninh. Inh.                   Noninh. Inh.                   Noninh.

Inh.                   Noninh. Inh.                   Noninh. Inh.                   Noninh.

Inh.                   Noninh. Inh.                   Noninh. Inh.                   Noninh.

M
W

H
A

M
V

H
B

A

H
B

D

R
B

S
L
o

g
P

T
P

S
A

C
h
a
rg

e

Page 47 of 60

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

0
  

  
  

5
0

0
  

 1
0

0
0

  
  

  
  

  
  

 2
0

0
0

0
  

  
  

  
  

 5
0

  
  

  
  

 1
0

0
  

  
  

  
 1

5
0

0
  

  
  

 5
0

0
  

  
1

0
0

0
  

 1
5

0
0

  
  

2
0

0
0

0
  

  
 1

0
  

  
 2

0
  

  
 3

0
  

  
4

0
  

  
 5

0
  

  
6

0

0
  

  
 5

  
  

1
0

  
  

1
5

  
 2

0
  

 2
5

  
 3

0
  

  
3

5

0
  

  
  

 1
0

  
  

  
2

0
  

  
  

3
0

  
  

  
4

0
  

  
  

5
0

-
5

  
  

  
  

  
 0

  
  

  
  

  
 5

  
  

  
  

 1
0

  
  

  
  

 1
5

0
  

  
  

2
0

0
  

  
4

0
0

  
  

 6
0

0
  

  
8

0
0

  
  

1
0

0
0

-
6

  
  

 -
4

  
  

 -
2

  
  

  
0

  
  

  
 2

  
  

  
 4

  
  

  
 6



 98 

Prediction of competitive ligands Thirty of the 1,780 compounds in the library were identified as 

ligands by both virtual screening and HTS. Because docking was performed against the predicted 

binding site, we hypothesize that it can only identify competitive inhibitors or substrates. In 

contrast, HTS can identify both competitive and non-competitive inhibitors or substrates. Thus, 

the 30 compounds that were identified with both methods are likely to be competitive inhibitors or 

even substrates. If docking is accurate, the remaining 137 compounds are likely to bind non-

competitively. To validate these predictions, Lineweaver-Burk plots were constructed for selected 

compounds in each class (Figure 2.13). Tacrine and ethopropazine, neither previously known to 

inhibit OCT1, were confirmed to be competitive inhibitors of ASP+ and metformin uptake by OCT1 

(Figure 2.13A,B and Figure S2.17). Furthermore, we assessed the relative competitiveness of these 

inhibitors by calculating Kis (the dissociation constant for the transporter-inhibitor complex) and 

Kii (the dissociation constant for transporter-substrate-inhibitor complex) using previously 

published methods.127 The ratios of Kii and Kis for 14 compounds are summarized in Table S2.2. A 

larger Kii/Kis value indicates a mode of inhibition that is relatively more competitive, whereas a 

lower Kii/Kis value reflects less competitiveness. Our Kii/Kis values were from 1.26 to 95.62 (Table 

S2.2). Thiamine had the highest value of Kii/Kis, which indicated that it competitively inhibits ASP+ 

uptake. In addition, thiamine has been validated as an OCT1 substrate in our previous 

publication.107 Among the 14 compounds, compounds that were predicted to be competitive 

inhibitors resulted in relatively higher Kii/Kis, whereas those that were predicted to be non-

competitive inhibitors had lower Kii/Kis values.  
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Figure 2.13 Lineweaver-Burk plots for discriminating between competitive and non-competitive inhibitors of 
OCT1. The inhibitory effects of selected inhibitors at various concentrations (l<n<p<q) were measured with 
increasing concentration of ASP+. The inhibitory effect of A) tacrine, B) ethopropazine, C) clonidine, D) 
pyrimethamine, E) trimethoprim, F) dichlorophene, G) alfuzosin, H) clotrimazole, I) imipramine, J) dextromethorphan, 
K) propafenone, L) carvedilol on ASP+ uptake by OCT1. Data represent mean values, n = 3 per data point. Error 
bars were not plotted in the other panels for the sake of clarity. 
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Physicochemical properties of putative competitive and non-competitive inhibitors We 

analyzed physicochemical properties of 30 putative competitive and 137 non-competitive ligands. 

Our analysis revealed that non-competitive ligands were significantly larger and more hydrophobic 

than competitive ligands (Figure 2.10C), predicting that the two types of ligands might bind to 

different sites on the transporter. 

In liver, several solute carrier (SLC) transporters participate in the uptake of drugs across the 

sinusoidal membrane into hepatocytes. A comparison of our HTS result with those for two other 

liver uptake transporters, OATP1B1 (SLCO1B1) and OATP1B3 (SLCO1B3),128,129 allowed us to 

identify OCT1-selective versus pan-inhibitors (i.e., compounds that inhibited transport of all three 

liver transporters). Fifty compounds inhibited the three liver transporters, whereas 112 inhibited 

OCT1 only. As expected, differences in charge were significant (Student t-test p-values < 0.05; Figure 

S2.18). Additionally, we found that OCT1 inhibitors were significantly smaller and less hydrophobic 

(Student t-test p-values < 0.05). This result showed that multi-way comparison of HTS data of 

several transporters can help in identifying compounds that are selective for a specific transporter 

and underscores the need for HTS of additional SLC transporters.  

We next determined the fraction of inhibitors with different predicted inhibitory mechanisms 

among the OCT1-selective inhibitors and pan-inhibitors. Eight compounds inhibited OCT1 and 

OATP1B1, but not OATP1B3. Of these 8 compounds, only ethacridine lactate was predicted to 

competitively inhibit OCT1. Likewise, only 2 out of 10 OCT1/OATP1B3 inhibitors were predicted to 

inhibit OCT1 competitively and only 2 predicted competitive inhibitors were identified among 30 

pan-inhibitors. Interestingly, 22 out of 30 predicted competitive ligands of OCT1 (73%) were found 

among the OCT1-selective inhibitors. That is, these 22 were not inhibitors of OATP1B1 or 

OATP1B3. In contrast, only 5 out 30 predicted competitive ligands (16%) were also inhibitors of 

OATP1B1 and OATP1B3 (the remaining 3 compounds were not screened in OATP1B1/B3 HTS). 

This finding not only supports the accuracy of our comparative model, but also highlights the 

importance of combining structure-guided ligand discovery with HTS. By combining experimental 

HTS with docking against comparative model of OCT1, we can efficiently predict competitive 

OCT1-selective inhibitors with 73% accuracy. Therefore, a structure-guided approach greatly 

accelerates the identification of selective inhibitors and provides valuable information for drug-

drug interaction studies, compared to the conventional trial-and error approach. Pan-inhibitors, 
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OCT1/OATP1B1 and OCT1/OATP1B3 inhibitors were enriched for non-competitive inhibitors 

compared to OCT1-selective inhibitors. 

Structure-activity modeling and validation Data from our OCT1 HTS experiment was used as a 

training set to construct a binary structure-activity relationship (SAR) model correlating molecular 

features of 1,780 compounds from Pharmacon library with their inhibitory activities, discretized 

into two classes: inhibitors and non-inhibitors. The random forest (RF) algorithm130 was employed 

to build an ensemble classifier (SAR-I). We evaluated the accuracy of the SAR-I model (i.e., the area 

under the Receiver Operating Characteristic curve – ROC AUC), by 100 repeated cross-validation 

runs (Figure 2.14A). The average ROC AUC of RF classifiers in this retrospective validation was 

0.89±0.3. This accuracy is comparable to the accuracies of retrospective validation of SAR models 

for other transporters.121,131 In addition, we estimated the accuracy of RF-based SAR models in 

prospective validation as follows. First, we used molecular features and inhibitory outcomes of 183 

compounds from a small previously published OCT1 inhibition screen114 to develop a new SAR 

model (SAR-II). Next, SAR-II was utilized to predict the class of the 1,780 Pharmakon compounds. 

The ROC AUC for this prospective validation was 0.84 (Figure 2.14B). Thus, the decrease in accuracy 

measures between retrospective and prospective validation was only 5%, strongly suggesting that 

our OCT1 SAR-I model is highly accurate (approximately 84%). We also used SAR-II model to 

predict the sensitivity and specificity of the classifier at different cutoff values (Figure 2.14C). The 

sensitivity and specificity of SAR-II model at a cutoff value of 0.6 were respectively 92% and 43%; at 

a cutoff value of 0.4, they were 82% and 65%, respectively. Finally, the observed and SAR-II 

predicted classification scores of the 1,780 Pharmakon compounds were moderately correlated 

(Pearson correlation coefficient of 0.50; Figure 2.14D). These results suggest that SAR models can 

accurately predict OCT1 ligands by virtual screening.  
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Figure 2.14 Results of structure-activity relationship modeling. A) ROC curves for 100 retrospective cross-
validation runs. Average ROC curve is shown in black. ROC curve of a random classifier is shown as a read dotted 
line. B) ROC curve for the SAR model tested in prospective validation of 1,780 predicted inhibition values. 
Performance at different cutoff values (shown on the right y-axis) are indicated by rainbow colors. C) Accuracy of 
classification of 1,780 compounds using SAR-II model as a function of cutoff. A cutoff of 0.38 is indicated by the red 
dotted line. D) Observed vs. predicted inhibition values for 1,780 compounds. Two classification cutoffs are drawn 
vertically and HTS classification cutoff is drawn horizontally. 

 

Figure 2.15 The inhibitory effects of 1BnTIQ on OCT1 transport. A) 1BnTIQ inhibited ASP+ uptake by OCT1 and 
the IC50 was determined to be 82.1 μM. B) The inhibitory effect of 1BnTIQ on ASP+ uptake by OCT1 indicated 
competitive inhibition. Data represent mean ± s.d., n = 3 per data point.  
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Virtual screening of endogenous and drug metabolites In addition to searching for OCT1 ligands 

among the 1,780 prescription drugs, we applied our structure-based and SAR model methods to 

predict OCT1 ligands among a larger set of 29,332 endogenous and drug metabolites in the Human 

Metabolome Database (HMDB).132 864 out of 29,332 (3%) of compounds docked favorably. We then 

computed ligand-OCT1 interaction values for the 864 compounds using the SAR-I model, allowing 

us to predict 146 competitive ligands. Among these 146 compounds, 1-Benzyl-1,2,3,4-

tetrahydroisoquinoline (1BnTIQ), an endogenous amine present at high level in the cerebrospinal 

fluid of Parkinson’s disease patients,133,134 docked favorably against OCT1 (rank 14) and had an SAR-

I inhibition score of 0.48. 1BnTIQ inhibited OCT1 at 82.1 µM, and Lineweaver-Burk plot confirmed 

that 1BnTIQ inhibited OCT1 competitively (Figure 2.15). This validation suggests that combined 

docking and SAR-I virtual screening can accurately predict OCT1 metabolite ligands, in addition to 

prescription drug ligands. 

Discussion and conclusions 

OCT1, a protein of great pharmacologic interest, transports a wide array of drugs into and out of the 

liver, and thus serves as a major determinant of drug metabolism and action. Because of its clinical 

importance, OCT1 has become a focus of many pharmacogenomics and drug interaction studies, 

which have prompted the EMA to recommend that all new drugs undergo in vitro testing to assess 

their liability to interact with OCT1.112 The goals of the current study were (i) to develop robust 

computational models to predict the interaction of new molecular entities with OCT1, and (ii) to 

use a combination of experimental and computational approaches to identify prescription drug and 

metabolite ligands of OCT1. By combining in silico and in vitro approaches, we sought to gain 

information about whether a ligand binds competitively or non-competitively on OCT1. 

Three major findings emerged from the current studies. First, a comparative structure model of 

OCT1 successfully discriminated ligands from non-ligands of the transporter. Second, by combining 

molecular docking and HTS approaches, we were indeed successful in determining whether a ligand 

interacts competitively or non-competitively with the transporter. Third, we identified 30 and 137 

prescription drugs as competitive and non-competitive ligands of OCT1, respectively, including 

drugs not known to interact with the transporter. We now discuss each one of these findings in 

turn. 
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OCT1 ligands can be identified accurately by virtual screening against an OCT1 comparative 

model Accurate prediction of inhibitors and substrates of OCT1 is challenging. First, although 

several atomic structures have been resolved for bacterial members of the Major Facilitator 

Superfamily of transporters, low sequence identity between bacterial homologs and human OCT1 

casts doubt on the accuracy of comparative models built using these structures as templates.28 

Second, OCT1 is considered a polyspecific transporter that transports compounds of different sizes 

and molecular features. For example, OCT1 mediates the uptake of compounds ranging from small 

cations such as tetraethylammonium, monoamines (metformin), chemotherapy drugs 

(oxaliplatin), to hormone-like lipid compounds (prostaglandin E1).14,109,135,136 This broad specificity 

may result in inaccurate docking and SAR models. For example, ligand-based models may under-

predict ligands, especially in chemical spaces not sampled by the training set. Similarly, docking 

generally does not consider multiple binding sites, which are characteristic of polyspecific 

transporters. Finally, docking also depends on the accuracy of the target structure and therefore, a 

combination of several computational and experimental validation experiments should be 

performed to ascertain the applicability of a homology model for docking. 

Here, we built a comparative model of human OCT1 in an inward-facing occluded conformation, 

using a recently determined structure of its eukaryotic homolog, a phosphate transporter from 

Piriformospora indica (PipT).27 We confirmed that 80% of known structurally diverse substrates 

can be docked favorably against the predicted binding site (Table S2.1). Three compounds that had 

unfavorable docking scores against this binding site had steric clashes with side chains of the 

binding cavity, underscoring the need for modeling transporters in alternative conformations. 

Unfortunately, there are no template structures for alternative conformations of OCT1 and 

molecular dynamics simulations still lack computing power to model conformational changes of 

transporters. The average pairwise Tanimoto coefficient of substrates used to validate the 

predicted binding site was 0.33, indicating that the compounds were structurally unrelated (Figure 

S2.19). In an unbiased validation of the OCT1 comparative model, we docked 1,780 compounds from 

the Pharmakon library and validated 70% of predicted binders and non-binders in vitro. Previous 

SAR and pharmacophore models of OCT1-ligand interactions identified hydrophobicity and charge 

as the main physicochemicalproperties required for inhibition.114,137,138 Our screening results 

confirmed that charge and hydrophobicity positively correlated with inhibitory activity of 

compounds (Figure 2.12). In addition, ligands had fewer hydrogen bond donors and acceptors and 

were less polar than non-ligands. 
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A combination of virtual screening and HTS can determine whether a ligand binds 

competitively or non-competitively It has been frequently assumed that inhibition of SLC-

mediated transport is primarily competitive, although some recent studies have challenged this 

assumption by showing that competitive, non-competitive, and mixed type inhibition can also 

occur.115,139-141 The International Transporter Consortium recently pointed out that the lack of 

understanding of inhibition mechanisms remains a limiting factor in transporter studies in drug 

development.142 We showed that inhibitors of OCT1-mediated ASP+ transport can be divided into 

two groups based on their docking scores against the OCT1 model. Predicted competitive inhibitors 

of ASP+ transport are compounds that are identified by experimental screening as well as predicted 

by virtual screening against the predicted substrate binding site; our assay and calculation do not 

distinguish between competitive inhibitors and substrates. In contrast, predicted non-competitive 

inhibitors are compounds that are identified by experimental screening as well as predicted not to 

bind by virtual screening. Competitive ligands were significantly smaller and less hydrophobic than 

the non-competitive ligands (Figure 2.10C). Because we modeled OCT1 in an inward-facing occluded 

conformation, we predict competitive ligands from only those compounds that fit into the compact 

translocation cavity. In addition, a broad range of Kii/Kis (Table S2.2) suggested various degrees of 

competitiveness among these inhibitors. Some of the inhibitors may bind to another binding cavity, 

or to alternative OCT1 conformations, and these will not be predicted as competitive ligands by our 

docking approach. Furthermore, interactions with OCT1 have been shown to be ligand 

dependent.115 We used ASP+ as our primary probe substrate in this study, but the mechanism of 

ligand-dependent interaction will be needed to be further investigated. 

Additionally, we showed that 87% of predicted competitive ligands were selective for OCT1. In 

contrast, only 13% of predicted competitive ligands were identified among inhibitors of three 

hepatic uptake transporters OCT1, OATP1B1, and OATP1B3. This result provides further 

confidence in the accuracy of the comparative model and its ability to predict competitive ligands. 

To predict competitive ligands in large virtual library of potential ligands, we combined the SAR 

model (built using our HTS data) and docking against a comparative OCT1 model. Indeed, 146 

putative competitive ligands among endogenous and exogenous metabolites were predicted in the 

HMDB library; one of them, 1BnTIQ, was experimentally tested and validated (Figure 2.15). 1BnTIQ 

is an endogenous amine detected in human cerebrospinal fluid that accumulates in patients with 

Parkinson’s disease133 and is able to induce parkinsonism in both mice and monkeys.143,144 1BnTIQ 
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inhibits complex I in the mitochondria and induces dopaminergic death in the same manner as 

MPP+, a neurotoxin also known to induce parkinsonism. Structurally similar to MPP+, 1BnTIQ is 

hydrophilic and requires an uptake mechanism to enter cells. A likely uptake mechanism is 

suggested by our identification of 1BnTIQ as an OCT1 ligand. 

Novel OCT1 inhibitors can be identified by HTS Because of the critical role OCT1 plays in drug 

disposition and response, efforts have been made to identify and characterize OCT1 inhibitors. For 

example, 20 pharmacologically diverse antidepressants and 14 antipsychotics were screened using 

an OCT1 mediated radiolabeled MPP+ uptake assay, identifying drugs that could potentially inhibit 

50% or more OCT1 activity in the brain.113 In another study, 191 drugs from various sources were 

compiled, followed by a medium-throughput identification of 62 inhibitors.114 

In this study, we conducted an extensive HTS of 1,780 drugs that have reached at least clinical trials 

in the United States or are marketed in Europe and/or Asia. We were able to confirm most of the 

previously known inhibitors. We also estimate that we identified at least 100 compounds previously 

unknown to interact with the transporter. Moreover, we grouped the identified OCT1 ligands into 

therapeutic classes, including tricyclic antidepressants, antihistamines, steroids, and α-adrenergic 

receptor agonists, all of which were previously reported to be more likely to interact with OCT1.114 

Our HTS also identified additional drug classes that were enriched in OCT1 ligands, including β-

adrenergic receptor agonists/antagonists, calcium channel blockers, and muscarinic acetylcholine 

receptors agonists/antagonists. Among the inhibitors identified by HTS, select compounds were 

validated by determining their IC50 values (Figure 2.11 and Table 2.1). Five of them (carbetapentane, 

carvedilol, erlotinib, griseofulvin, and ketoconazole) had IC50 values that were at least 10% of their 

maximum plasma concentrations achieved after therapeutic doses of the drug (Table 2.2). These 

estimates suggest the possibility of clinical drug-drug interactions with OCT1 substrates. Further, 

OCT1 inhibitors may potentially have beneficial effects on hepatic steatosis.107 With the exception 

of erlotinib and ketoconazole, the drugs noted here were newly identified OCT1 ligands. We also 

estimated their IC50 for mouse OCT1 and other two human SLC uptake transporters (OCT2 and 

MATE1) (Table S2.3).  
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Table 2.2 Identified OCT1 inhibitors that could cause drug-drug interactions. 
 

 

  

 39

Table 2. Identified OCT1 inhibitors that could cause drug-drug interactions. 
 

Name IC50*,  µM CMAX †,  µM CPortal Vein ‡ CMAX / IC50 

     

Carbetapentane 1.6 0.2 N.A. 0.12 

Carvedilol 3.4 0.4 0.7 0.12 

Erlotinib 16.2 4.8 7.0 0.30 

Griseofulvin 7.3 4.5 4.6 0.62 

Ketoconazole 2.6 6.6 10.0 2.54 
     

* IC50 is the estimated half maximal inhibitory concentration (Materials and Methods). 

† CMAX values were obtained from http://www.micromedexsolutions.com/ 

‡ CPortal Vein values were calculated based on equation previously described60 
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In conclusion, we developed a comparative structural model of OCT1 that discriminates ligands 

from non-ligands, and used the model together with an in vitro HTS assay. By combining the two 

approaches, we were able to predict whether a ligand binds competitively or non-competitively. 

The structure-guided approach also accurately predicted inhibitors specific to OCT1 rather than 

two other hepatic drug transporters, OATP1B1 and OATP1B3. Finally, we conducted a virtual screen 

against a metabolite library using both comparative and SAR models built from HTS data, and 

accurately identified and validated the parkinsonism-producing neurotoxin, 1BnTIQ, as a 

competitive inhibitor of OCT1. 

Experimental procedures 

Chemicals The MicroSource Pharmakon compound library (Gaylordsville, CT) was obtained 

through the Small Molecular Discovery Center at University of California, San Francisco (San 

Francisco, CA). 4-(4-(dimethylamino)styryl)-N-methylpyridinium (ASP+) iodide was purchased 

from Molecular Probes (Grand Island, NY). All other chemicals were purchased from Sigma-

Aldrich (St. Louis, MO). All chemicals used in the studies are purchased from commercial vendors 

and with 98% or higher purity. All cell culture media and supplements were purchased from Life 

Technologies (Carlsbad, CA) except fetal bovine serum, which was purchased from GE Healthcare 

Life Sciences (South Logan, UT). 

Cell Culture Human embryonic kidney (HEK-293) cell line stably overexpressing OCT1 was 

established previously in our laboratory.107 The cells were maintained in Dulbecco’s Modified 

Eagle’s Medium (DMEM H-21) supplemented with 75 µg/ml of hygromycin B, penicillin (100 

U/ml), streptomycin (100 mg/ml), and 10% fetal bovine serum in a humidified atmosphere with 5% 

CO2 at 37 °C. 

In vitro uptake studies HEK-293 cells overexpressing OCT1 were seeded in black, clear bottom 

poly-D-lysine coated 96-well plates (Greiner Bio-One, Monroe, NC) and allowed to grow for 48 

hours until approximately 90% confluency. For uptake kinetics study, cells were incubated with 

HBSS containing serial dilution of ASP+ for 2 minutes at 37 °C. At the end of experiments, the media 

were aspirated and the cells were washed twice with ice-cold HBSS containing 50 µM 

spironolactone. The Km and Vmax were calculated by fitting the data to Michaelis-Menten equations. 

For time course study, cells were incubated with HBSS containing 2 µM ASP+ at 37 °C. At various 
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time points, the experiment was stopped as previously described. For IC50 determination, cells were 

incubated with HBSS containing 2 µM ASP+ and serial dilution of inhibitors for 2 minutes at 37°C. 

IC50 was determined using appropriate curve fitting. For Lineweaver-Burk plots, cells were 

incubated with HBSS containing serial dilution of ASP+ and the inhibitor of interest at 4 different 

fixed concentration for 2 minutes at 37 °C. The reciprocal value of ASP+ uptake at each inhibitor 

concentration was fitted with linear regression. The signal of ASP+ was measured using an Analyst 

AD plate reader (Molecular Devices, Sunnyvale, CA) with excitation and emission filters tuned at 

485 and 585 nm wavelength, respectively. All statistical analysis and curve fitting were done using 

GraphPad Prism software (La Jolla, CA). 

High-throughput screening The high-throughput screen was performed at the Small Molecule 

Discovery Center at the University of California, San Francisco. HEK-293 cells overexpressing 

OCT1 were seeded in black, clear bottom poly-D-lysine coated 96-well plates (Greiner Bio-One, 

Monroe, NC) and allowed to grow for 48 hours until approximately 90% confluency using methods 

established previously.121 Cells were incubated with HBSS containing 2 µM ASP+ and 20 µM of test 

compounds at ambient temperature for approximately 2 minutes. At the end of the experiment, 

media were aspirated and cells were washed twice with HBSS containing 50 µM spironolactone. 

Nonspecific transport was determined in wells on each assay plate using 100 µM spironolactone as 

OCT1 inhibitor. The screen was carried out with a Biomek FXp liquid handler (Beckman Coulter, 

Brea, CA). Fluorescence was measured as previously described.  

OCT1 structure modeling and docking Human OCT1 was modeled based on the 2.9 Å structure of 

a high-affinity phosphate transporter PiPT, from Piriformospora indica, crystallized in an inward-

facing occluded state with bound phosphate.116 The template was selected based on the shared MFS 

fold assignment,143 structure quality, sequence similarity to OCT1, and the ligand-bound 

conformation. The sequence alignment was obtained by a manual refinement of gaps in the output 

from the PROMALS3D98 and MUSCLE99 servers. One hundred models were generated using the 

automodel class of MODELLER 9.14,100 and the normalized discrete optimized protein energy 

(zDOPE) potential.101 The top scoring model was used to predict putative binding sites with the 

FTMap web server.145 Two of the predicted bindings sites were identified in the translocation cavity 

between the two domains.116 ASP+ probe substrate was docked against the two binding sites with 

UCSF DOCK 3.6.146 The size of the docking box was 38 x 40 x 38 Å. The pose with the best docking 

score was used as the template for a subsequent round of comparative modeling by MODELLER 
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9.14, generating 100 new models of OCT1. Each of the models was then evaluated for ligand 

enrichment from a set of challenging decoys based on enrichment curves and corresponding 

logAUC values.146,147 Sixty decoys were generated using the Database of Useful Decoys (DUD)148 for 

each of the selected experimentally validated substrates of OCT1. The best scoring model was used 

for subsequent virtual screening. Compounds in the Pharmakon library were downloaded from the 

ZINC database and docked against the predicted binding site on the comparative model, using 

UCSF DOCK 3.6. A negative DOCK score predicts a favorable interaction with the transporter, 

while a positive score predicts an unfavorable (or unlikely) intermolecular interaction. Normalized 

docking scores were computed by subtracting the average docking score of all compounds 

(including the non-binders) from the docking score of an individual compound and dividing by the 

standard deviation of all docking scores. Online web server PAINS-Remover was used to check 

Pharmkon compounds for the likelihood of interference in screening.149 None of the 1,780 

compounds was reported as a pan-assay interference compound. 

Structure-activity relationship modeling of OCT1 inhibition Two-dimensional structure files of 

the 1,780 compounds from the Pharmakon library were also downloaded from the ZINC database. 

2,900 molecular descriptors and charge (pH 7.4) for each compound were computed using PaDEL 

software150 and ChemAxon cxcalc program (http://www.chemaxon.com), respectively. Non-

informative descriptors (i.e., molecular descriptors with near zero variance and redundant 

descriptors defined by a correlation higher than 0.95 to an accepted descriptor) Next, information 

content and correlation between descriptor values and percent inhibition of 1,780 compounds were 

computed with the cfs filtering algorithm in the Fselector package151 in R and 21 most informative 

descriptors were retained for further modeling (Supplemental Data). Percent inhibition values 

determined by HTS were discretized into two outcomes. Values of at least 50% were mapped to ‘1’ 

(i.e., ligand) and values of less than 50%, including negative values, were mapped to ‘0’ (i.e., 

nonligand). Binary SAR models were built with the RF algorithm.130 Their accuracy was estimated 

using a double loop five-fold cross-validation121 protocol in the caret package in R. To evaluate the 

accuracy of models, the average area under the Receiver Operating Characteristic curve (ROC AUC) 

was computed from 100 repeated double-loop cross-validation runs. For prospective validation, 21 

molecular descriptors for 183 compounds114 were computed (Supplemental Data) and SAR models 

were optimized by repeated 5-fold cross-validation. The model was employed to predict inhibition 

values for the 1,780 compounds in the Pharmakon library. 
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Virtual Screening against HMDB library For virtual screening, molecular structure files of the 

HMDB compounds were downloaded from the ZINC database152 and 21 molecular features 

(Supplemental Data) were computed for each compound. The ligand score ranging between 0 and 1 

was computed for each compound by SAR-I. Compounds with the ligand score higher than 0.4 were 

labeled as ligands. In parallel, each compound was docked against predicted binding sites on the 

OCT1 transporter using UCSF DOCK 3.6. Normalized docking scores were computed by 

subtracting the average docking score of all docked compounds from the docking score of a 

compound and dividing by the standard deviation of all docking scores. Compounds with 

normalized docking scores less than -1 and ligand scores greater than 0.4 were labeled as 

competitive inhibitors. 

Pairwise compound similarity computation and clustering The MayaChemTools 

(http://www.mayachemtools.org) package was used to compute two-dimensional Extended 

Connectivity Fingerprints (ECFP) and pairwise Tanimoto coefficients. The hclust function from 

the stats library153 was used to perform hierarchical compound clustering. 

Supplemental information 

Supplemental figures and tables are included below.  
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Table S2.1 Summary of 15 substrates used to validate OCT1 docking site. 
 

 
 

Table S2.2 The ratios of Kii and Kis for selective inhibitors. 
 

 
  

 S2

Table S1. Summary of 15 substrates used to validate OCT1 docking site. 
 
CID Name Smiles DOCK 

score 
2022 Acyclovir 

 
C1=NC2=C(N1COCCO)NC(=NC2=O)N -24.44 

4091 Metformin 
 

CN(C)C(=N)N=C(N)N -21.64 

39484 MPP+ C[N+]1=CC=C(C=C1)C2=CC=CC=C2 -20.29 
3454 Ganciclovir 

 
C1=NC2=C(N1COC(CO)CO)NC(=NC2=O)
N 

-18.71 

457 N(1)-
methylnicotinamid
e 
 

C[N+]1=CC=CC(=C1)C(=O)N -14.24 

5816 Epinephrine 
 

CNCC(C1=CC(=C(C=C1)O)O)O -11.49 

305 Choline 
 

C[N+](C)(C)CCO -11 

5413 TEA CC[N+](CC)(CC)CC -10.47 
681 Dopamine 

 
C1=CC(=C(C=C1CCN)O)O -6.40 

533395
5 

ASP+ C[N+]1=CC=C(C=C1)C=CC2=CC=C(C=C
2)N(C)C.[I-] 

-6.08 

439260 Norepinephrine 
 

C1=CC(=C(C=C1C(CN)O)O)O -5.69 

685759
9 

Oxaliplatin 
 

C1CCC(C(C1)N)N.C(=O)(C(=O)O)O.[Pt+2
] 

-2.88 

4735 Pentamidine 
 

C1=CC(=CC=C1C(=N)N)OCCCCCOC2=C
C=C(C=C2)C(=N)N 

103.78 

528036
3 

Dinoprost 
 

CCCCCC(C=CC1C(CC(C1CC=CCCCC(=
O)O)O)O)O 

128.26 

528036
0 

Dinoprostone 
 

CCCCCC(C=CC1C(CC(=O)C1CC=CCCC
C(=O)O)O)O 

171.01 
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Table S2. The ratios of Kii and Kis for selective inhibitors. 
 

Name Kii/ Kis 
Imipramine 1.26 

Clotrimazole 1.27 
Detromethorphan 1.44 

Carvedilol 1.82 
Propafenone 2.19 

Alfuzosin 2.27 
Dichlorophene 3.48 
Ethopropazine 5.88 
Trimethoprim 7.29 

Pyrimethamine 8.04 
Tacrine 10.05 
1BnTIQ 14.60 

Clonidine 58.40 
Thiamine 95.62 
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Table S2.3 Comparison of IC50 of OCT1 inhibitors in 4 different cell lines. 
 

 

  

 S4

Table S3. Comparison of IC50 of OCT1 inhibitors in 4 different cell lines. 
 

Name HEK-hOCT1 HEK-hOCT2 HEK-hMATE1 HEK-mOCT1 

Carbetapentane 1.6 2.7 45.8 0.7 

Carvedilol 3.4 12.1 57.7 2.6 

Erlotinib 16.2 3.3 650.5 6.5 

Griseofulvin 7.3 136.3 105.6 24.0 

Ketoconazole 2.6 2.1 2.7 0.7 
 

* IC50 (µM) is the estimated half maximal inhibitory concentration (Materials and 

Methods). 

** IC50 is the average of two independent experiments 



 114 

 

Figure S2.15 The effect of thiamine on the uptake of ASP+ by OCT1. (A) Thiamine inhibited ASP+ uptake by 
OCT1 and the IC50 was determined at 4.1 mM. (B) The inhibitory effect of thiamine at at 0 μM (l), 20 μM (n), 1000 
μM (p), 5 mM (q) against increasing concentrations of ASP+ showed that thiamine inhibited OCT1 competitively. 
Data represent mean ± s.d., n = 3 per data point.  

� ��

A B



 115 

 

Figure S2.16 Selected inhibition studies of OCT1 ligands and their estimated IC50. Data represent mean ± s.d., 
n = 6 per data point.  

 S6

Figure S2.  
 

 
 
Figure S2. Selected inhibition studies of OCT1 ligands and their estimated IC50. Data 
represent mean ± SD, n = 6 per data point.  
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Figure S2.17 Lineweaver-Burk plots for discriminating between competitive and non-competitive inhibitors of 
OCT1 mediated metformin uptake. The inhibitory effects of selected inhibitors at various concentrations 
(l<n<p<q) were measured with increasing concentration of metformin. Data represent mean values, n = 3 per 
data point.  
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Figure S2.18 Differences in physicochemical properties of OCT1-selective inhibitors and pan-inhibitors. Only 
the distributions of statistically significant properties are shown (Student t-test p-value < 0.05). 

 S8

Figure S4. 

 

Figure S4. Differences in physicochemical properties of OCT1-selective inhibitors and 
paninhibitors. Only the distributions of statistically significant properties are shown 
(Student t-test p-value < 0.05).
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Figure S2.19 2D dissimilarity clustering of 15 known substrates of OCT1. Dissimilarity (i.e., 1 – pairwise 
Tanimoto similarity) between known OCT1 substrates (Table S1) is shown on the y-axis. The labels in the 
dendrogram denote PubChem CIDs of 15 known OCT1 substrates, which were used to validate the binding site on 
comparative OCT1 model. Compounds with dissimilarity score less than 0.4 (shown by the red line) are considered 
similar.  
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Figure S5. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure S5. 2D dissimilarity clustering of 15 known substrates of OCT1. Dissimilarity (i.e., 
1 – pairwise Tanimoto similarity) between known OCT1 substrates (Table S1) is shown 
on the y-axis. The labels in the dendrogram denote PubChem CIDs of 15 known OCT1 
substrates, which were used to validate the binding site on comparative OCT1 model.  
Compounds with dissimilarity score less than 0.4 (shown by the red line) are considered 
similar. 
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Chapter 3: 
Structural 
Characterization of the 
Human Concentrative 
Nucleoside Transporter 3 
As the name implies, human concentrative nucleoside transporters (CNTs, SLC28 family) have 

evolved to transport hydrophilic nucleosides across the cell membrane. First cloned in the mid-to-

late 1990s,1-4 they are characterized by a high affinity transport of nucleosides coupled to the 

gradient of sodium ions. Unlike the SLC29 family of nucleoside transporters, the equilibrative 

nucleoside transporters (ENTs), CNTs have been shown to only transport nucleosides (containing 

both ribose and deoxyribose) and their analogues. ENTs are characterized by a low affinity 

nucleoside transport and are additionally capable of transporting nucleobases5 and monoamines.6 

Among the human CNTs, hCNT1 exhibits specificity towards pyrimidines, hCNT2 for purines, 

while hCNT3 transports both purines and pyrimidines (Figure 3.1).7-9 
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Nucleosides are metabolic precursors in nucleic acid synthesis with a wide variety of critical roles in 

cell homeostasis.10,11 While the endogenous role of human CNTs is primarily the mediation of 

nucleoside salvage, from the standpoint of pharmacology, human CNTs are significant due to the 

importance of their drug substrates, the nucleoside analogs.12 Nucleoside analogs are molecules 

built upon the templates of naturally occurring nucleosides. Being hydrophilic, nucleoside analogs 

require transport across the cell membrane by membrane transporters, including human CNTs. 

Once in the cell, they leverage their similarity to nucleosides and either become incorporated into 

newly synthesized DNA/RNA, which results in chain termination, or directly inhibit processing 

enzymes such as ribonucleotide reductase, both of which lead to apoptosis.13 Nucleoside analogues 

are frequently used as first-line treatments of cancers, viral infections, and autoimmune diseases 

(Figure 3.2).12 Two examples include gemcitabine, a drug frequently used for leukemia and solid 

tumors, and zidovudine, the first antiretroviral used in the treatment for HIV.12 

Although the knowledge about human CNTs is growing, the current research is limited by the lack 

of knowing their structures. Human CNTs are predicted to contain 11 transmembrane helices, with 

the N-terminus facing the cytoplasm, and a glycosylated extracellular C-terminus.14 Knowledge of 

the mechanism of transport for these transporters is necessary to gain insight into the nucleoside 

metabolism and signaling pathways, as well as to facilitate drug design and nucleoside drug 

delivery. In light of the recent crystal structure of a hCNT3 homolog from Vibrio cholerae, vcCNT,14 

it is now possible to model the human SLC28 family members, and use the resulting structural 

information to form hypotheses and guide functional studies. The X-ray crystal structure showed 

that the prokaryotic homolog vcCNT forms a homotrimer. This surprising finding could lead to a 

significant advancement because multimerization of membrane proteins often provides a 

mechanism for the regulation and stability of membrane structures.15 

This chapter is focused on the structure and function of the human CNT3. The first section explores 

the quaternary structure of hCNT3. It establishes that human concentrative nucleoside transporter 

3 forms homo-trimers and predicts differences between the structures of hCNT3 and vcCNT. 

Sequence co-evolution and conservation analysis of the trimerization interface indicates that 

oligomerization is critical for the stability and function of the transporter. The second section 

summarizes a multi-year effort to express and purify hCNT3 for the purpose of structure 

determination. Although ultimately unsuccessful in obtaining a good sample for X-ray 

crystallography or electron cryo-microscopy (cryo-EM), it should serve as a starting point for 
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future efforts. The last section presents the results of a virtual screen with a focus on finding 

substrates and modulators of hCNT3 function. A novel approach for finding CNT ligands was used, 

significantly expanding on the previously explored chemical space.  
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Figure 3.1 Schematic of the specificity of the human concentrative nucleoside transporters. 
 

 

 

Figure 3.2 Molecular structures of nucleoside analogues commonly used in the clinic.  
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Cysteine cross-linking shows that human concentrative nucleoside 
transporter 3 forms a cyclic homo-trimer 

The contents of this section have been submitted for publication in the following article: 

Cysteine cross-linking shows that human concentrative nucleoside transporter 3 forms a cyclic homo-
trimer 

*Adrian Stecula, Avner Schlessinger, Andrej Sali, and Kathleen M. Giacomini 

*The author’s contribution included experimental design, comparative structure modeling, 

execution of experiments, and writing of the manuscript. 

Introduction 

Nucleosides are metabolic precursors in nucleic acid synthesis with a wide variety of critical roles in 

cell homeostasis.10,11 For example, when converted to nucleotides (e.g., ATP and GTP), they 

represent units of cellular currency, while as components of NAD and FAD, they act as coenzymes 

critical in energy metabolism. Some nucleosides can act alone as signaling molecules; for example, 

adenosine can act as an autocrine and paracrine hormone by serving as a ligand for P1 receptors.16 

Although most cell types are capable of de novo synthesis of nucleosides, others, like cells of the 

brain, muscle, erythrocytes, leukocytes, and bone marrow cells, lack these biosynthetic pathways.17 

In addition, de novo synthesis is energetically costly.11 Nucleoside salvage (i.e., the recycling of 

extracellular nucleosides to replenish the intracellular levels) via nucleoside transporters is 

therefore an attractive strategy to achieve nucleoside homeostasis. Being largely hydrophilic, 

nucleosides require membrane transporters to cross the plasma membrane. To date, six human 

nucleoside transporters have been identified from two SLC transporter families, the concentrative 

nucleoside transporters (CNT) (SLC28 family) and the equilibrative nucleoside transporters (ENT) 

(SLC29 family).18 

Of the three human members of the SLC28 family, hCNT3 is characterized by the broadest tissue 

distribution and substrate specificity. High levels of hCNT3 have been found in the pancreas, bone 

marrow, and mammary gland; lower levels have been found in the intestine, lung, prostrate, testis, 

and liver.4 hCNT3 is a symporter that couples the transport of one nucleoside to the symport of two 

Na+ ions or one proton.17 Its pharmacological importance stems from its ability to transport a wide 
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variety of nucleoside-derived drugs,12 including first-line treatments for viral infections, such as 

valacyclovir, or solid tumors, such as gemcitabine. As such, it is an important mediator of drug 

response and resistance to anti-cancer nucleoside analogs. Clinical examples include chronic 

lymphocytic leukemia (CLL) patients with elevated hCNT3 expression, who experienced a lower 

complete response rate to fludarabine therapy.19 In addition, in pancreatic cancer, some 

uncharacterized hCNT3 polymorphisms, such as the nonsynonymous A25G mutation, have been 

shown to associate with gemcitabine toxicity.20 

Although the regulation and function of hCNT3 have been subject to extensive characterization 

through mutagenesis and uptake studies over the past two decades, there have been only a few 

insights into the structure of these transporters.2,21-25 The crystal structure of vcCNT provided the 

first breakthrough, by establishing a previously unknown protein-fold.14 The most striking feature, 

however, proved to be the unexpected quaternary structure. No previous study has hypothesized 

CNTs to form oligomeric structures. Subsequently, it was established that the functional form of 

vcCNT is indeed a trimer, with clearly defined ligand and ion binding sites on each of the 

protomers.14 

With the increasing number of crystal structures of membrane transporters, their oligomerization 

and symmetry have recently become topics of intense study due to a variety of possible functional 

roles.15,26 For example, as shown by the studies on the BetP trimer, it is possible for stable BetP 

monomers to exist in the membrane on their own, while still retaining the ability to accumulate 

betaine.27,28 However, the formation of the trimer is necessary for hyperosmotic stress stimulus 

sensing through the osmosensing C-terminal domain, which increases the transport activity based 

on the cytoplasmic K+ concentration. The coupling between adjacent protomers therefore affects 

both the catalytic and regulatory aspects of the transport cycle. Each protomer in the trimer has 

been shown to adopt a distinct conformation along the cycle, further supporting inter-protomer 

coupling.28,29 

As a trimer, BetP does not represent an outlier. Oligomerization is remarkably common among 

membrane proteins. A survey of the Protein Data Bank of Transmembrane Proteins shows that 

approximately 65% of membrane proteins form oligomers.26 Amongst more than 50 SLC 

transporter families, several, including SLC1, SLC13, and SLC42, are predicted or have been shown 

to have members that form oligomeric structures.18 
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Here, we report a series of cross-linking studies to examine two main questions. 1) Does hCNT3 also 

form homo-trimers? 2) Is there a functional role for the formation of this quaternary structure? By 

using a homology model of hCNT3 based on the vcCNT structure (39% sequence identity) followed 

by cysteine mutagenesis, we determined that the trimer is preserved in hCNT3, using in vitro and 

cell-based assays. The cross-linking results can be parsimoniously rationalized through localized 

structural differences between hCNT3 and vcCNT in the trimerization domain. The model of the 

hCNT3 trimer also indicates how the translocation distance is significantly reduced in the trimer 

compared to that in the monomeric membrane transporters. 

Experimental procedures 

Expression and purification of hCNT3 in High Five insect cells hCNT3 was expressed in High 

Five insect cells using the Bac-to-Bac Baculovirus Expression System (Thermo Scientific). The gene 

encoding the full-length hCNT3 was cloned into the pFastBac1 vector, including a HRV 3C 

cleavable His10-tag at the N-terminus (Figure 3.3A). The protein was purified as described 

previously.30 Cells were spun down and solubilized in the lysis buffer (50 mM Tris pH 8.0, 300 mM 

NaCl, cOmplete Mini Protease Inhibitor Cocktail (Roche 11836153001)) before passing the solution 

through 5 cycles inside of Emulsiflex at 5,000-10,000 psi. The lysate was cleared with a 15 min spin 

at 15,000 x g at 4°C before pelleting the membranes with an 80 minute ultracentrifuge spin at 

40,000 x g at 4°C. Membranes were resuspended in the resuspension buffer (50mM HEPES pH 7, 

300 mM NaCl, 10% glycerol, 2 mM imidazole pH 7, 1% n-dodecyl-β-D-maltopyranoside (DDM) 

(Inalco 1758-1350), 1mg/mL iodoacetamide, cOmplete Mini Protease Inhibitor Cocktail (Roche 

11836153001), 0.05% cholesteryl hemisuccinate, 0.1 mg/mL E. coli polar lipid extract) and stirred 

for 1 hour at 4°C. Excess lipids were pelleted with a 30 min spin at 35,000 rpm at 4°C. Supernatants 

were applied to TALON/Co2+ affinity resin and stirred for 2 hours. Protein was eluted off the 

column with 300 mM imidazole, following a series of washes. The protein was concentrated with 

100kD cutoff Amicon concentrators (Sigma Z648043) and applied to a Superdex 200 size-exclusion 

column along with the running buffer (50 mM HEPES pH 7, 300 mM NaCl, 10% glycerol, 0.1% 

DDM). Fractions were collected every 500 µL to be further analysis. For Coomassie gel stains, 

fractions were loaded onto 4-15% Criterion Tris-HCl gels (Bio-Rad 3450027) under reducing and 

denaturing conditions and stained using SimplyBlue SafeStain (Invitrogen LC6060) following 

manufacturers’ protocols. Protein size was estimated with Amersham ECL Full-Range Rainbow 

pre-stained protein ladder (GE RPN800E). 
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Glutaraldehyde cross-linking of purified CNT3 Glutaraldehyde cross-linking was performed 

following an adapted protocol from Perez, et al.27 A volume of 100 µL of purified protein in running 

buffer was supplemented with 5 µL of 2.3% glutaraldehyde and incubated at 37°C for 5 min. The 

reaction was terminated by the addition of 10 µL of 1 M Tris-HCl (pH 8.0). Samples were loaded 

onto 4-15% Criterion Tris-HCl gels (Bio-Rad 3450027). Protein size was estimated with Precision 

Plus Protein™ All Blue pre-stained protein ladder (1610373). Polyclonal antibody Sigma 

HPA023311 against CNT3 was used for detection, with SuperSignal West Femto Chemiluminescent 

substrate (Thermo Scientific 34095) on the FluorChem E development system (proteinsimple). 

Homology modeling of human CNTs Comparative protein structure models of wild type and 

mutant hCNT3 were created with MODELLER 9.10 (http://salilab.org/modeller),31 using the 2.4 Å 

co-crystal structure of a concentrative nucleoside transporter from Vibrio cholerae, vcCNT, in 

complex with uridine (PDB ID 3TIJ)14 as a template. Sequence alignment was created by a manual 

refinement of gaps in the alignment from PROMALS3D (Figure S3.2).32 We generated 100 models 

using the automodel class with default settings. The models had acceptable normalized discrete 

optimized protein energy scores (zDOPE) in the range of -0.41 to -0.63.33 The top scoring models 

were selected for analysis. 

Cell culture of PK15NTD cells Porcine kidney tubular epithelium nucleoside transporter deficient 

cells (PK15NTD)34 were donated by Dr. Chung-Ming Tse (The Johns Hopkins University School of 

Medicine, Baltimore, MD, USA). The cells were cultured in Eagle’s minimal essential medium with 

Earle’s balanced salt solution with 1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 10% 

FBS, 100 I.U./mL penicillin, 100 µg/mL streptomycin, and 200 µg/mL hygromycin B at 37°C and 

5% CO2, as reported previously.35,36 

Cloning and site-directed mutagenesis of human CNTs Full-length human CNT1, CNT2, and 

CNT3 cDNAs were cloned individually into the pcDNA5/FRT mammalian expression vector 

(Invitrogen V601020). SLC28A3 (UniProt ID Q9HAS3) cDNA were obtained from GE Dharmacon 

MGC cDNAs collection (MHS6278-202857241). Locations of cysteine mutants were selected based 

on the comparative structure models. Standard protocols for QuikChange II site-directed 

mutagenesis were followed (Agilent 200523), using KOD Xtreme Hot Start DNA polymerase 

(Novagen 71975-3) instead of PfuUltra High-Fidelity DNA polymerase and MAX Efficiency DH5α 

competent cells (Invitrogen 18258-012) instead of XL1-Blue supercompetent cells. 
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Cross-linking of human CNTs containing cysteine mutants in PK15NTD cells The protocol was 

adapted from Hastrup et al.37 PK15NTD cells were seeded on non-treated polystyrene 60 mm 

dishes (Corning). Upon reaching 80-90% confluency, they were transfected with the appropriate 

construct and Lipofectamine LTX per the manufacturer’s protocol (Invitrogen 15338-030). For co-

expressing studies, half of the DNA material added came from each of the single mutant constructs. 

Following a 48-hour incubation, the cells were washed with PBS (1.54 mM KH2PO4, 155.17 mM 

NaCl, 2.71 mM Na2HPO4, pH 7.4) and subsequently incubated in 100 µM CuSO4 and 400 µM 1,10-

phenanthroline for 10 minutes at room temperature. The cells were then washed twice with PBS 

and incubated in 10 mM N-ethylmaleimide (NEM) for 20 minutes at room temperature, before 

being scraped into PBS/protease inhibitor (PI) buffer (PBS, 10 mM NEM, cOmplete Mini Protease 

Inhibitor Cocktail (Roche 11836153001)). The suspension was pelleted at 800 x g for 5 min at 4°C. 

The pellet was resuspended in 0.2% digitonin in PBS/PI buffer for 20 min at 4°C. The suspension 

was pelleted at 2000 x g for 10 min. The pellet was resuspended in 100 µL of 1% Triton X-100 in 

PBS/PI at 4°C for 1 hour. The suspension was centrifuged at 14,000 x g for 30 min at 4°C.  

The extract was then assayed for protein concentration with the BCA Protein Assay Kit (Pierce 

23225) and 2 µg of protein was deglycosylated overnight with 1.5 µL of PNGase F (NEB P0704L) in a 

total volume of 20 µL, following the nonreducing manufacturer’s protocol. Western blots were 

performed under denaturing but nonreducing conditions by mixing 15 µL of the sample with 4X 

NuPAGE LDS Sample Buffer (Invitrogen NP0008) and loading it onto NuPAGE 3-8% Tris-Acetate 

mini gel (Invitrogen EA0375). Protein size was estimated with HiMark pre-stained protein ladder 

(Invitrogen LC5699). Polyclonal antibody Sigma HPA023311 antibody against CNT3 was used for 

detection, with SuperSignal West Femto Chemiluminescent substrate (Thermo Scientific 34095) 

on the FluorChem E development system (proteinsimple). 

[3H]uridine uptake Uptake studies were performed as described previously.38 Briefly, PK15NTD 

cells were seeded on non-coated polystyrene 24-well plates (Corning). Upon reaching 70-80% 

confluency, they were transfected with the appropriate gene containing construct or an empty 

vector, and Lipofectamine LTX per the manufacturer’s protocol (Invitrogen 15338-030). Following 

a 48-hour incubation, the cells were incubated for 10 minutes in a 37°C sodium-free buffer (5 mM 

HEPES, 10 mM glucose, 1 mM CaCl2, 140 mM N-methyl-D-glucamine, 5 mM KH2PO4, 1 mM MgCl2, 

pH 7.4). The uptake was initiated by the addition of 33.3 nM [5,6-3H]-uridine (Moravek MT 799) in 
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a sodium-containing buffer (5 mM HEPES, 10 mM glucose, 1 mM CaCl2, 5 mM KCl, 135 mM NaCl, 1 

mM MgCl2, 0.8 mM Na2HPO4, 3.3 mM NaH2PO4, pH 7.4) and terminated by washing the cells twice 

with 4°C sodium-free buffer. Cells were lysed by the addition of lysis buffer (0.1% SDS vol/vol, 0.1 N 

NaOH). Intracellular radioactivity was measured by scintillation counting and normalized per well 

of protein content using the BCA Protein Assay Kit (Pierce 23225). 

Results 

Purification of wild type hCNT3 To determine whether or not hCNT3 forms a homo-oligomer, we 

first expressed and purified the wild type protein. The created construct was a truncated variant of 

the full-length hCNT3, missing the 75 C-terminal residues predicted to be extracellular and to lack 

both secondary structure and glycosylation sites (Figure 3.3A). Earlier work performed in our 

laboratory has indicated that glycosylation most likely does not affect trafficking of CNTs.39 

The size-exclusion chromatography profile of the sample has shown that using a mild, nonionic 

detergent like DDM preserves CNT3 as an oligomer. The elution peak corresponded to the micelle 

size of approximately 300 kDa, as expected for a trimer/detergent micelle complex (Figure 3.3B). 

Further analysis by mass spectrometry validated the purity of the fractions as mostly containing 

hCNT3 (Figure 3.3C,D). A Western blot of the sample indicated three potential species whose 

molecular weight was in agreement with the size of a CNT3 monomer, dimer, and trimer (Figure 

3.3E). Nonspecific cross-linking of the detergent-solubilized sample using glutaraldehyde stabilized 

the highest molecular weight species (without cross-linking, any potential complex could dissociate 

during electrophoresis). This result is the first indication that hCNT3 forms a homo-trimer. 

Homology modeling and selection of sites for cysteine mutagenesis To further examine the 

oligomerization of hCNT3, we turned to cysteine cross-linking. By introducing cysteines at key 

residue positions, we aimed to stabilize the complexes suggested in Figure 3.3E for further analysis. 

Cysteine cross-linking has been successfully used in previous studies of transporter 

oligomerization.14,37,40,41 First, we created a homology model of the hCNT3 spanning the predicted 

TM4-TM11 helices, using the structure of vcCNT as a template. Cysteine mutagenesis sites were 

then chosen based on the proximity of interface residues and consideration of disulfide geometry.42 

Three separate sites along the trimerization interface, representing 4 separate pairs of cysteine 
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mutants, were selected to determine whether or not the hCNT3 forms a trimer similar to that of 

vcCNT (Figure 3.4B). 

The first selected site is in the extracellular “crown” region of hCNT3, at the junction of the 

predicted IH1, EH, and TM6 helices. Both V274 and A285 are flanked in sequence by phenylalanine 

residues, which participate in the inter- and intra-protomer π-π stacking interactions in the vcCNT 

crystal structure (Figure 3.4C). The second site is also extracellular, positioned at the predicted 

interface of IH1 and the C-terminal end of TM9 (Figure 3.4D). The third site residing in the predicted 

transmembrane region was probed with two independent pairs of cysteines (Figure 3.4E). The first 

pair, A440 and A452, is equivalent to the pair shown to cross-link in vcCNT (A253 and A269, 

respectively).14 Due to the symmetry of the trimer, it represents a double mutation on the predicted 

TM9, where the N-terminal A440 of one protomer intersects the centrally positioned A456 of 

another protomer. The second pair probes the junction of A456 with T297 located on TM6.  
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Figure 3.3 Expression and purification of hCNT3 from High Five insect cells. A) Schematic of the expression 
construct. B) SEC elution profile where the void peak is indicated with V0 and the collected fractions are represented 
by grey vertical lines. C) Coomassie stained gel of the selected fractions, indicating the areas that were cut out for 
mass spectrometry analysis. D) Table containing the identity of peptides identified in each of the samples by mass 
spectrometry. E) Western blot of the WT sample before and after glutaraldehyde cross-linking.  
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Figure 3.4 Comparative structure model of hCNT3 and the location of the mutated sites. A) A cartoon 
representation of the comparative structure model of hCNT3 based on the structure of vcCNT (PDB ID 3TIJ)(ref. 14). 
The trimerization domain is shown in green, scaffold domain in pink, and the inverted repeats performing the 
transport catalysis function in blue and yellow. B) Cartoon representation of the putative hCNT3 homo-trimer shown 
in the plane of the membrane. Two separate protomers are shown in blue and pink. Three mutagenesis sites are 
numbered and shown in yellow. C) Cartoon representation of the first mutagenesis site, where the side chains of 
V274C and A285C are shown as sticks. D) Cartoon representation of the second mutagenesis site, where the side 
chains of Y266C and F463C are shown as sticks. E) Cartoon representation of the third mutagenesis site, where the 
side chains of two separate pairs of mutants, T297C/A456C and A440C/A456C are shown as sticks. F) Schematic of 
the experimental design. Mutations are shown as X and O. Sites of potential cross-linking are indicated with a red 
highlight and a thick black line.  
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All residues selected for mutagenesis are conserved between the three human members of the 

SLC28 family, except for T297, which is a cysteine in both hCNT1 and hCNT2. Endogenous 

cysteines of hCNT3 are present only on the predicted helices TM1, IH3, TM10a, and TM11, and thus 

are located away from the trimerization regions and expected not to interfere with the cross-

linking. A series of constructs was created, containing either single or double cysteine mutants. As 

shown in Figure 3.4F using the 274/285 pair as an example, due to the homo-trimer symmetry, it is 

possible to cross-link the vcCNT-like trimer only by expressing the hCNT3 construct containing a 

double mutation or co-expressing two single mutant constructs in a single cell.  

Validation of hCNT3 homo-trimer formation with cysteine cross-linking To test whether or not 

the mutants fold properly and still traffic to the cell membrane, we transiently expressed the 

mutant constructs in the PK15NTD nucleoside transporter deficient porcine kidney cell line. This 

cell line was specifically chosen to ensure the lack of background concentrative nucleoside 

transporter expression. All mutants retained uridine transport function (Figure 3.5A), and are thus 

suitable for cell-based cross-linking tests. 

To preserve the potential hCNT3 homo-trimer, we performed the cross-linking assay in PK15NTD 

cells transiently transfected with the mutant constructs. As hypothesized, no hCNT3 complexes 

survive the solubilization with Triton X-100 and electrophoresis, as demonstrated by a single band 

corresponding to the monomeric molecular weight of the wild type hCNT3. For the 274/285 site, 

when co-expressing both of the single mutants, we see a band corresponding to the molecular 

weight of the dimer, in line with a prediction that two protomers in a trimer are able to cross-link 

(Figure 3.5B). The sharp band that appears for the double mutant at the molecular weight of three 

monomers thus indicates that hCNT3 forms homo-trimers in cells.  

Equivalent cross-linking studies for the second site, 266/463, are in agreement with the first site 

(Figure 3.5C). Co-expressing the single mutant constructs led to a sharp band corresponding to a 

dimeric species. Interestingly, there were two bands near the molecular weight of a homo-trimer in 

the double mutant. It is conceivable that there are two populations of homo-trimers, one with three 

cross-links and the other with two cross-links, each with a slightly different electrophoretic 

mobility.  
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Figure 3.5 Functional validation and cross-linking of hCNT3 cysteine mutants. A) Uridine uptake inhibition 
studies in PK15NTD cells transiently transfected with hCNT3 constructs. B) Western blot of the cysteine cross-
linking experiment involving V274C/A285C mutants, C) Y266C/F463C mutants, D) T297C/A456C mutants, and E) 
A440C/A456C mutants.  
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The third site, containing two separate cysteine pairs, surprisingly did not lead to the cross-linking 

of the trimer (Figure 3.5D,E). Because the equivalent residues in vcCNT do cross-link,14 the absence 

of a cross-link in hCNT3 indicates a structural difference in the position and/or conformation of 

TM9 in vcCNT and hCNT3. In addition, the band corresponding to a dimer in the 440 single mutant 

suggests that the 440 residues are sufficiently close for disulfide bond formation. We repeated the 

experiment several times, including the replacement of the O2/1,10-phenanthroline with molecular 

iodine, which is often a more effective oxidation agent for cross-linking transmembrane regions 

(Figure S3.1),43 but with no change in results. 

Discussion and conclusion 

The main goal of this study was to determine whether or not hCNT3, like its bacterial homologue 

vcCNT, forms homo-trimers. By constructing a homology model, we leveraged structural 

information to introduce cysteine residues at key points along the hypothesized protomer-

protomer interface. We have established that hCNT3 does trimerize, based on in vitro and cell-

based experiments (Figure 3.3 and Figure 3.5). We now discuss two major points in turn. First, we 

compare the crystallographic structure of vcCNT with a structural model of hCNT3 based on the 

cross-linking data. Second, we discuss the functional implications of trimer formation in hCNT3. 

Comparison between structural model of hCNT3 and vcCNT Unlike chemical cross-linking 

using agents such as DSS or BMB, the formation of a disulfide bond between two residues on 

separate protomers requires close proximity and specific geometry.44 Thus, the method of cysteine 

cross-linking limits false-positives resulting from transient protein-protein interactions and 

provides residue-level insight into the configuration of the protomers in the trimer. Both selected 

extracellular mutated sites along IH1 led to a cross-linked trimer, validating the relative placement 

of helices IH1, EH, and TM6 in the hCNT3 homology model. In addition, these cross-links validate 

the fold of hCNT3, because interactions between IH1 and TMs 5-8 are some of its defining 

features.14  
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Figure 3.6 Residue covariation between different protomers and a schematic of the proposed differences 
between hCNT3 and vcCNT. A top) Cartoon representation of the hCNT3 comparative structure models is shown 
from the extracellular side. Three protomers are shown in different colors. Residue pairs with a high GREMLIN 
covariation score across the dimerization interface are shown in thick red bars. Location of mutated cysteines is 
shown in yellow. A bottom) Cartoon representation of the hCNT3 comparative structure model is shown with a 
simulated membrane aligned from the MemProtMD entry 3TIJ (ref. 45). Residue pairs involving TM9 residues with a 
high GREMLIN covariation score are shown in red. Red bars indicate the location of the other intra- or inter-
protomer residue in a covariation pair. Location of muted cysteines is shown in yellow. Black lines are drawn 
between pairs of mutated cysteines. B) Cartoon representation of the comparative structure model of hCNT3 homo-
trimer shown in the plane of the membrane, where TM9 on each of the protomers is highlighted. We propose a 
model where TM9 in the human structure is rotated in the plane of the membrane compared to the equivalent TM6 
in vcCNT.  
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Figure 3.7 Graph of the sequence conservation score plotted for each residue. Colors follow the domains 
outlined in Figure 3.4A. Averages represent the full sequence, trimerization domain (IH1, EH, TM6, TM9), and 
inverted repeats (HP1a, HP1b, TM7a, TM7b, TM8a, TM8b, HP2a, HP2b, TM10a, TM10b, TM11). 

 

Figure 3.8 Cross-section of the hCNT3 comparative structure model. Three protomers are shown in different 
colors. Membrane is shown in yellow-green, colored according to local membrane deformations (MemProtMD)(ref. 
45). Aqueous basin created in the center of the homo-trimer is shown in blue.  
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The differences between the known structure of vcCNT and the unknown structure of hCNT3 likely 

include the placement and/or conformation of TM9, the helix contributing to the trimerization 

domain (defined in Figure 3.4A). Based on the bacterial structure, TM9 is the longest helix in the 

structure, 63 Å long and spanning almost the entire thickness of the plasma membrane. None of the 

cross-links probing the cytoplasm-facing N-terminus of TM9 (440/456 and 297/456) led to the 

stabilization of the trimer. Instead, a dimer band surprisingly appeared for the 440 single mutant. 

To explain these results, we hypothesize that the N-terminal residues 440 in the unknown 

structure of hCNT3 are closer to each other than in the current hCNT3 model (Cβ-Cβ distance of 22 

Å), while residue 456 is farther from both 297 and 440 than in the current model (4 Å). This 

hypothesis is consistent with an elevator-like movement14,46 of the inverted repeats, in which the 

trimerization domain forms a stable, largely immobile scaffold, maintaining the overall 

architecture of the trimer. This elevator-like mechanism was also applied to the inward-occluded 

state to compute a model of the outward-open state.47 In the elevator-like mechanism, the motions 

necessary for the transport cycle states are confined within the monomer, largely to the helices 

making up the transport domain, thus leaving the trimerization domain static throughout the cycle.  

The GREMLIN score, based on an alignment 1629 sequences, shows that 8 and 14 of the 43 TM9 

residues involved in respectively intra- and inter-protomer interactions co-vary (Figure 3.6A).48 

Because co-varying pairs of residues tend to be close in space, it is often possible to refine a 

structural model by minimizing distances between co-varying pairs of residues.48 Applying this 

general consideration to the hCNT3 model, a translation of the helix deeper into the membrane is 

indicated by visual inspection (Figure 3.6A). 

Combining the C-terminal TM9 266/463 and the TM9 440 cross-links, the co-evolutionary data, 

and the lack of cross-links for sites involving the N-terminal TM9 456 residue, has led us to propose 

that TM9 is rotated in the plane of the membrane in hCNT3 as compared to TM6 in vcCNT (Figure 

3.6B). This parsimonious model satisfies the proximity requirements needed for the experimentally 

observed cross-link between A440C of adjacent protomers and the lack of a cross-link between the 

440/456 and 297/456 residue pairs. The implications of these potential local structural differences 

are significant, because TM9 is predicted to interact directly with the nucleoside substrates. By 

creating a portion of the “thin” intracellular gate in the inward occluded conformation,46,49 even 

slight positional changes in TM9 could affect the binding site volume, the specificity, and kinetics of 

transport. 
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Functional implications of trimerization Now that we have established that hCNT3 exists as a 

trimer, we address the question of its functional significance. The alignment of 883 sequences 

homologous to hCNT3 shows that the trimerization domain is as conserved in evolution as the 

inverted repeat domains, which perform the actual transport catalysis, indicating that the 

trimerization domain is indeed functionally important (Figure 3.7).50 

As predicted by the structure of vcCNT, the translocation pathway of hCNT3 is confined to the 

monomer (i.e., each monomer contains an independent nucleoside and sodium binding sites). In 

addition, the helices in the trimerization and scaffold domains in the three protomers (Figure 3.4A) 

form one large aqueous basin within the membrane. This basin decreases the translocation distance 

for the ligand from approximately 40 Å to 25 Å (Figure 3.8).45 An aqueous basin of similar depth has 

been reported within the trimeric structure of GltPh, a eukaryotic glutamate transporter homologue 

from Pyrococcus horikoshii,51 that is not related in sequence or fold to CNTs. The quaternary 

structure of the trimer ensures that the translocation pathway is not exposed to the membrane 

while also minimizing the size of the hCNT3 monomer, compared to translocation in a monomeric 

transporter. On its own, without the other two protomers, and thus without the aqueous basin, each 

protomer is likely unstable in the membrane due to the exposure of hydrophilic regions (e.g., parts 

of TM9) to the lipid membrane. Thus, we hypothesize that hCNT3 is an obligate trimer. 

Symmetry is a common feature among protein complexes found in the PDB (approximately 85%).52 

Potential benefits of symmetrical homo-complexes include increased coding efficiency, reduced 

aggregation, enhanced error control, and enhancement to sensitivity of selection; the reason is that 

symmetrical interfaces contain duplicates of pairwise contacts, and thus any favorable/unfavorable 

mutations are amplified.26,53-55 Although the sum of the three protomer-protomer interfaces is large 

(3 x 1250 Å2)56, it has been shown that only a small subset of residues, known as hotspots, 

contributes most of the free energy of binding.57 Because oligomerization has the potential to create 

new binding sites,26 it might be possible to disrupt the formation of the hCNT3 homo-trimer by 

targeting the dimeric interface. Such a binding site could be exploited for selectively modulating 

hCNT3, via allostery. Selective inhibition in particular might be appealing because hCNT3 

substrate specificity overlaps with that of several other transporter families (e.g., ENTs).12 Potential 

applications involve cases such as chronic lymphocytic leukemia patients characterized by up-

regulated cytoplasmic hCNT3 levels, who experience a lower response rate to fludarabine therapy. 
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Targeting the cytoplasmic hCNT3 with allosteric inhibitors would leave the required ENT-

mediated drug uptake on the plasma membrane unaffected.19 

In conclusion, we have shown that hCNT3 forms an obligate homo-trimer in cells. By creating a 

homology model, we leveraged structural data to introduce cysteines at various points along the 

dimerization interface. Cross-linking results indicate local structural differences between hCNT3 

and vcCNT in TM9 of the trimerization domain. The quaternary structure creates an aqueous basin 

that significantly shortens the substrate translocation distance. 

Supplemental information 

Supplemental figures are included below.  
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Figure S3.1 Western blot of the cysteine I2 cross-linking experiment involving V274C/A285C, Y266C/F463C, 
T297C/A456C, and A440C/A456C double mutants.  
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Figure S3.2 Sequence alignment between vcCNT (3TIJ), hCNT1, hCNT2, and hCNT3. Residue conservation is 
indicated in the Clustal X color scheme.  
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hCNT3 expression and purification 

Despite many advancements in the methods of structure determination, eukaryotic membrane 

proteins remain to be difficult targets. While they account for 25-35% of the human genome,26,58 

only 2,685 of the approximately 116,000 entries in the Protein Data Bank (PDB search on 21 

December 2016) correspond to α-helical transmembrane protein structures.59 One of the main 

reasons is what explicitly defines them – the presence of a hydrophobic transmembrane region. 

Methods used to study the structures of these proteins require their extraction from the cell 

membrane and rely on the introduction of detergents to create a detergent-lipid-protein micelle.60 

It is unrealistic, however, to expect such a simple extraction process to yield stable systems, when 

cells have evolved to use ~5% of their genes to synthesize thousands of lipid types, which stabilize 

the protein in the endogenous environment.61,62 Unlike prokaryotic homologs, eukaryotic 

membrane proteins require extensive maturation and targeting apparatuses involving 

glycosylation and association with the proper lipid types, which occurs in the endoplasmic 

reticulum and the Golgi apparatus.63-65 

New technologies have been developed to improve the efficiency, stability, and quality of purified 

eukaryotic membrane proteins. Milligram quantities of mammalian membrane proteins expressed 

in baculovirus-infected insect cells63 and in stably and transiently transfected human embryonic 

kidney 293S cells66,67 have recently been reported. Eukaryotic expression systems provide a near-

native lipid environment and proper protein folding. Further, endogenous membrane lipid and 

cholesterol contents have increasingly become recognized as important to the stability of the 

solubilized proteins. Inclusion of lipids POPC, POPE, and POPG in the 3:1:1 ratio helped crystallize 

the rat Kv1.2 K1 channel,68 while the addition of cholesteryl hemisuccinate (CHS) in the CHS:DDM 

ratio of 0.1:1 provided maximal stabilization for human G protein-coupled receptors.69 New 

amphiphiles, including the maltose–neopentyl glycol (MNG) amphiphile family, show advantages 

over conventional detergents, leading to enhanced structural stability and successful 

crystallization.70 Synthetic amphipathic polymers, amphipols, have been developed specifically to 

have a high affinity for the transmembrane surface of membrane proteins,71 and have been used for 

structural determination of previously unreachable targets, such as the TRPV1 ion channel.72 

Finally, several advancements within the field of cryo-electron microscopy (cryo-EM) have 

achieved the determination of near-atomic resolution structures by direct fitting of atomic models 
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into experimental high-resolution density maps.73 In addition to allowing for the study of targets 

that are difficult to crystallize, cryo-EM has the capacity to capture proteins in different functional 

states, thus providing unprecedented biological insight.74 Additional developments in fragment 

antigen binding (Fab), which can be readily generated using phage display, have allowed for the 

study of even small proteins and protein complexes.75 

Here, we present a multi-year effort to express and purify human CNT3 for the purpose of structure 

determination with either X-ray crystallography or single-particle cryo-EM. A near-atomic 

resolution structure of the human CNT3 homo-trimer could provide us with insight into the 

dimerization interface, structural features governing substrate specificity, and conformational 

changes associated with the transport cycle. Despite a combinatorial approach with several 

constructs, lipid extracts, detergent and thermostability screens, we were largely unsuccessful in 

obtaining even a low-resolution structure of the human transporter. This section describes the 

expression and purification conditions that were attempted and the complications that were 

identified in the process. 

Methods 

Expression in insect cells hCNT3 was expressed in either High Five, Sf9, or Sf21 insect cells using 

the Bac-to-Bac Baculovirus Expression System (invitrogen). The gene encoding the full-length or 

truncated variant of hCNT3 was cloned into the pFastBac1 vector. The bacmid and the recombinant 

baculovirus were generated per the manufacturer’s protocol (Invitrogen). Sf9 or Sf21 cells were 

used to amplify the viral stock. P2 or P3 viral stocks were used for expression studies using an MOI 

of 1. Cells were harvested 48 hours post infection. 

Purification of hCNT3 The protocol for protein purification was described previously.30 Cells were 

spun down and solubilized in the lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl, cOmplete Mini 

Protease Inhibitor Cocktail (Roche)) before passing the solution through 5 cycles inside of 

Emulsiflex at 5,000-10,000 psi. The lysate was cleared with a 15 min spin at 15,000 x g at 4°C before 

pelleting the membranes with an 80 minute ultracentrifuge spin at 40,000 x g at 4°C. Membranes 

were then resuspended in the resuspension buffer (varies) and stirred for 1 hour at 4°C. Excess 

lipids were pelleted with a 30 min spin at 35,000 rpm at 4°C. Supernatants were applied to either 

the TALON (Takara Bio), Ni-NTA (Thermo Scientific), or amylose (NEB) affinity resin and stirred 
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for 2 hours. Immobilized protein was applied to a gravity flow column, washed with washing buffer, 

and either eluted off the column with 300 mM imidazole, or digested overnight with either HRV 3C 

(Thermo Scientific) or thrombin (Agard lab) proteases. The protein was concentrated with 100 kDa 

cutoff Amicon concentrators (Sigma) and applied to a Superdex 200 size-exclusion column along 

with the running buffer (varies). Fractions were collected every 500 µL for further analysis. For 

Coomassie gel stains, fractions were run on 4-15% Criterion Tris-HCl gels (Bio-Rad) under 

reducing and denaturing conditions and stained using SimplyBlue SafeStain (invitrogen) following 

manufacturer’s protocols. For Western blots, polyclonal antibody against CNT3 was used for 

detection (Sigma HPA023311), with SuperSignal West Femto Chemiluminescent substrate 

(Thermo Scientific 34095) on the FluorChem E development system (proteinsimple). 

Thermostability assay The protocol for the thermostability assay was described previously.76 

Briefly, the Protein Thermal Shift (PTS) dye was mixed with the protein purification buffer 1:20 

(v/v). 10 µl of 1:20 PTS dye mixture was added to 120 µl of concentrated protein (>0.1 mg/mL) 

diluted in test buffer to attain a total volume of 130 µl. The software for a thermal assay was set to a 

temperature ramp beginning at 20° and ending at 90°C over a period of 1 hour. Excitation (450 nm) 

and emission wavelengths (500 nM) were set. The melting curves were analyzed to identify the 

midpoint of the transition. 

Results 

Construct 1 Expression and purification trials began with construct 1 (Figure 3.9). hCNT3 has been 

shown to be previously glycosylated,39,77,78 therefore the 4 putative glycosylation sites were left 

intact. Since it was a preliminary expression trial, it was unknown whether the tag placement on N- 

versus C-terminus affects protein stability, so both were tried (N-terminal tag on construct 2). The 

baculovirus expression system was used because it has been shown to be quite robust and 

successful with the expression of other transmembrane proteins from higher eukaryotes.64,79-81 The 

standard conditions used previously by the Stroud lab in the purification of ABC transporters were 

taken as the starting point of optimization.30 DDM was used because it is a mild, nonionic detergent 

frequently used for solubilization of membrane proteins.82 Its critical micelle concentration (CMC) 

is 0.12 mM (0.006%) in 0.2M NaCl (Thermo Fisher), thus we have ensured that at 0.1% we were 

above it. To determine where to expect the homo-trimer to elute, we injected the gel filtration 

standard (Bio-Rad). Based on the peaks in the SEC profile (Figure 3.10), we estimated the micelle 
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containing the hCNT3 homo-trimer to elute around 11 mL.83 The SEC profile of construct 1 (run 1, 

Figure 3.11) showed that although there was a large amount of material, most of it was largely either 

aggregated or unfolded, and we did not follow up on this construct further.  
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Figure 3.9 Constructs created for hCNT3 expression in insect cells. Glycosylation sites are indicated with green 
lines. Mutation sites are indicated with red lines. Length of segments not to scale.  
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Figure 3.10 SEC profile of the gel filtration standards.  
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Figure 3.11 Purification conditions and elution profile of run 1.  
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Construct 3 Computational analysis of the hCNT3 sequence with PSIPRED84 and DISOPRED85 

predicts the N-terminal residues 1-84 to be cytoplasmic and largely disordered and the C-terminal 

residues 614-691 to be extracellular and lacking secondary structure. In line with the size of vcCNT, 

we decided to create a truncated construct that eliminates the C-terminal region following the stop 

codon of the equivalent vcCNT position, which also removes the glycosylation sites, thus 

potentially reducing sample heterogeneity. Previous work has shown that N-glycosylation does not 

affect localization of rat CNT2,39 which supports the hypothesis that the elimination of the 

extracellular C-terminus should not affect expression and folding. 

The SEC profile of the same starting conditions as construct 1 (run 2, Figure 3.12) provided a slightly 

better profile. Gel analysis (Figure 3.13) indicated that the vast majority of the sample was hCNT3 

but improvements could be made on the purity front by adding more stringent washing steps. In 

addition to altering the washing protocol, we tried including uridine, a high affinity substrate of 

hCNT3 for stabilization. Although, this combination did not result in a better profile (run 3, Figure 

3.14), the addition of an extra washing step did lead to a significantly purer sample (Figure 3.15). 

Next, we tested different pH values, pH 8 (run 4, Figure 3.16), physiological pH 7.4 (run 5, Figure 3.17), 

and pH 6 (run 6, Figure 3.18), but none improved the sample stability over the previously tested pH 

7. Unlike uridine, phloridzin is an inhibitor of hCNT3. We tried including it in the elution and SEC 

buffers with the hope of stabilizing the homo-trimer in a particular conformation. It also did not 

lead to an improvement in the sample stability (run7, Figure 3.19). 

To further reconstitute the endogenous cell membrane environment, we tested adding E. coli polar 

lipid extract (Avanti Polar Lipids) (run 8, Figure 3.20), cholesteryl hemisuccinate (CHS) (run 9, Figure 

3.21), or both (run 10, Figure 3.22). The sole addition of CHS led to problems with its dissolution. It 

was determined afterwards that it requires extensive sonication in order to go into solution. The E. 

coli polar lipid extract significantly improved the sample stability, and the combination with CHS 

completely eliminated the void peak. A mass spectrometry analysis of the Coomassie gel indicated 

that some viral and insect proteins still remain in the sample (Figure 3.23). A thermostability assay 

was performed to quickly scan different thermostabilizing buffer conditions (Figure 3.24). The three 

most stabilizing buffers were buffer 7 (50 mM MES pH 6.5), buffer 20 (200 mM NaCl, 50 mM MES 

pH 5.5), and buffer 22 (200 mM NaCl, 50 mM MES pH 6.5). The combination of CHS and E. coli 

polar lipid extract with DDM became the baseline of comparison for future trials. 
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Before these thermostabilizing conditions could be examined, we tested adding phospholipids 

POPC, POPE, and POPG in a 3:1:1 ratio (run 11, Figure 3.25), liver polar lipids extract (Avanti Polar 

lipids) (run 12, Figure 3.26), and a high 1M NaCl concentration (run 13, Figure 3.27), all with no 

general improvements. Even combining CHS and E. coli polar lipid extract with the low pH (run 14, 

Figure 3.28) and low NaCl salt concentration (run 15, Figure 3.29), the two trends from the 

thermostability assay, did not lead to an absence of the void peak. 

Next, we tested a new class of Anatrace neopentyl glycol amphiphiles, octyl glucose neopentyl 

glycol (OGNG) (run 16, Figure 3.30) and lauryl maltose neopentyl glycol (LMNG) (run 17, Figure 3.31). 

DDM was used to extract the sample from the membrane, and subsequently exchanged for the 

amphiphiles during the IMAC step. Neither of them showed any promise in further stabilizing the 

sample even with CHS and E. coli polar lipid extract. To build on the baseline result and further 

decrease the homogeneity of the sample, we tried to cut the sample off the column with the HRV 3C 

protease (run 18, Figure 3.32). It again did not improve the SEC profile. Neither did attempting the 

most stabilizing buffers from the thermostability assay with construct 2 - substituting NaSO4 for 

NaCl (run 19, Figure 3.33) or doubling the glycerol concentration (run 20, Figure 3.34). Since a 

replicate of the CHS and E. coli polar lipid extract, the best conditions, did not result in a same, 

consistent profile (run 21, Figure 3.35), construct 3 was abandoned.  
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Figure 3.12 Purification conditions and elution profile of run 2.  

3 Beads: TALON
High Five Protease: none
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1% DDM 0.1% DDM 0.1% DDM
1 mg/mL iodoacetamide

protease inhibitor

Elution buffer SEC buffer
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Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II buffer
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Figure 3.13 Western blot (top) and Coomassie gel stain (bottom) of run 2 fractions.  
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Figure 3.14 Purification conditions and elution profile of run 3.  
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4 mM imidazole pH 7 2 mM imidazole pH 7 10 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM
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protease inhibitor

Elution buffer SEC buffer
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Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II buffer
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Figure 3.15 Western blot (top) and Coomassie gel stain (bottom) of run 3 fractions.  
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Figure 3.16 Purification conditions and elution profile of run 4.  
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Figure 3.17 Purification conditions and elution profile of run 5.  
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Figure 3.18 Purification conditions and elution profile of run 6.  

3 Beads: TALON
High Five Protease: none

1.08

50 mM HEPES pH 6 50 mM HEPES pH 6 50 mM HEPES pH 6 50 mM HEPES pH 6 50 mM HEPES pH 6
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
4 mM imidazole pH 6 2 mM imidazole pH 6 10/20 mM imidazole pH 6 300 mM imidazole pH 6 0.1% DDM
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Figure 3.19 Purification conditions and elution profile of run 7.  
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Figure 3.20 Purification conditions and elution profile of run 8.  
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Figure 3.21 Purification conditions and elution profile of run 9.  
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Figure 3.22 Purification conditions and elution profile of run 10.  
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Figure 3.23 Coomassie gel stain of run 10 fractions (top) and mass spectrometry output (bottom). Areas cut 
out of the gel are indicated on top of the gel. The peptides identified by mass spectrometry are organized by % 
abundance in each sample.  
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Figure 3.24 Summary of the thermostability assay results for run 10.  
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Figure 3.25 Purification conditions and elution profile of run 11.  
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0.02 mg/mL POPG (1)

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.26 Purification conditions and elution profile of run 12.  
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Figure 3.27 Purification conditions and elution profile of run 13.  
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Figure 3.28 Purification conditions and elution profile of run 14.  
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Figure 3.29 Purification conditions and elution profile of run 15.  
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 183 

 
 

 

Figure 3.30 Purification conditions and elution profile of run 16.  
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0.05% CHS
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Figure 3.31 Purification conditions and elution profile of run 17.  
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Figure 3.32 Purification conditions and elution profile of run 18.  

3 Beads: TALON
High Five Protease: HRV	3C

1.7

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
2 mM imidazole pH 7 2 mM imidazole pH 7 10/20 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM
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1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS
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Amount of membrane (g):
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Figure 3.33 Purification conditions and elution profile of run 19.  
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1% DDM 0.1% DDM 0.1% DDM 0.1% DDM 0.1 mg/mL E. coli lipid extract
1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS

0.1 mg/mL E. coli lipid extract
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Figure 3.34 Purification conditions and elution profile of run 20.  
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1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS
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Figure 3.35 Purification conditions and elution profile of run 21.  

3 Beads: TALON
High Five Protease: none

1

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
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1% DDM 0.1% DDM 0.1% DDM 0.1% DDM
1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS

0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Construct 2 To start, construct 2 trials were first attempted with CHS and E. coli polar lipid extract, 

the best conditions from construct 3 (run 22, Figure 3.36). Although noisy, the SEC profile showed 

promise, exhibiting a large peak around the correct elution volume. In our attempt to get rid of the 

void peak, we tried to cut the sample off the column with HRV 3C protease, but with limited success 

(run 23, Figure 3.37). A second thermostability screen was performed on the pooled fractions. The 

three most stabilizing buffers were buffer 4 (20% glycerol), buffer 15 (200 mM NaSO4), and buffer 

22 (50 mM MES pH 6). Two of those conditions, 20% glycerol with 50 mM MES pH 6, were 

incorporated into the next trial (run 24, Figure 3.39). Surprisingly it had the opposite effect, and 

actually led to a worse SEC profile. Since we were unable to replicate the initial result with just CHS 

and E. coli polar lipid extract (run 25, Figure 3.40), we moved on to the next construct.  
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Figure 3.36 Purification conditions and elution profile of run 22.  

2 Beads: TALON
High Five Protease: none

1

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
2 mM imidazole pH 7 2 mM imidazole pH 7 10/20 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM

1% DDM 0.1% DDM 0.1% DDM 0.1% DDM
1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS

0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.37 Purification conditions and elution profile of run 23.  
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10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
2 mM imidazole pH 7 2 mM imidazole pH 7 10/20 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM

1% DDM 0.1% DDM 0.1% DDM 0.1% DDM
1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS

0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.38 Summary of the thermostability assay results for run 23.  
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Figure 3.39 Purification conditions and elution profile of run 24.  
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High Five Protease: HRV	3C

1

50 mM MES pH 6 50 mM MES pH 6 50 mM MES pH 6 50 mM MES pH 6 50 mM MES pH 6
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

20% glycerol 20% glycerol 20% glycerol 20% glycerol 20% glycerol
2 mM imidazole pH 6 2 mM imidazole pH 6 10/20 mM imidazole pH 6 300 mM imidazole pH 6 0.1% DDM

1% DDM 0.1% DDM 0.1% DDM 0.1% DDM 0.1 mg/mL E. coli lipid extract
1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS

0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.40 Purification conditions and elution profile of run 25.  
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2 mM imidazole pH 7 2 mM imidazole pH 7 10/20 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM

1% DDM 0.1% DDM 0.1% DDM 0.1% DDM
1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS

0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Construct 4 To eliminate the potential heterogeneity stemming from glycosylation, in construct 4 

we mutated the four putative glycosylated asparagine residues, N630, N636, N664, N678, to 

glutamine residues. It was also the first construct containing the maltose binding protein (MBP) as 

a fusion tag, which has been shown to increase protein solubility and stability.86,87 As before, we 

treated the conditions containing CHS and E. coli polar lipid extract as the baseline. First, we tried a 

purification that did not contain CHS nor E. coli polar lipid extract (run 26, Figure 3.41). We eluted 

the full protein product off the TALON resin. The void peak appeared to shift to the right, but the 

vast majority of the sample still aggregated. Gels were in agreement with the predicted size 

estimates of approximately 65 kDa hCNT3 monomer and 42 kDa MBP, for a 107 kDa combined 

weight (Figure 3.42). Proetase digestion overnight efficiently cleaved the protein product, and 

encouraged us to cleave the next trial off the TALON resin, in addition to adding CHS and E. coli 

polar lipid extract (run 27, Figure 3.43). A second peak emerged, but it was unsymmetrical. 

For the next round, we tried using amylose resin for the first time. Instead of relying on affinity 

towards TALON, the MBP tag was used for protein immobilization. Introduction of CHAPS, a 

zwitterionic detergent, did not lead to any improvement over DDM (run 28, Figure 3.44) Although a 

fresh membrane prep of construct 4 in Sf9 insect cells produced a significant second peak at the 

proper elution volume, the purification efficiency has significantly decreased when using the 

amylose resin (run 29, Figure 3.45). The same fresh membrane prep from Sf9 cells with TALON resin 

resulted in a clean SEC profile, although the void peak was still present (run 30, Figure 3.46). The gel 

indicated that the sample was quite pure (Figure 3.47). Brij-35, another nonionic detergent, was tried 

with negative results (run 31, Figure 3.48), before we attempted to repeat run 30 with more stringent 

washes (run 32, Figure 3.49). Since the SEC profile did not exhibit the same characteristics as before, 

we abandoned this construct.  
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Figure 3.41 Purification conditions and elution profile of run 26.  

4 Beads: TALON
High Five Protease: none

1

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
2 mM imidazole pH 7 2 mM imidazole pH 7 10/20 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM

1% DDM 0.1% DDM 0.1% DDM 0.1% DDM
1 mg/mL iodoacetamide

protease inhibitor

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.42 Coomassie gel stain of fractions from run 26 (top) and the effect of thrombin protease on run 26 
and run 33 fractions (bottom).  
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Figure 3.43 Purification conditions and elution profile of run 27.  

4 Beads: TALON
High Five Protease: thrombin

1

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
2 mM imidazole pH 7 2 mM imidazole pH 7 10/20 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM

1% DDM 0.1% DDM 0.1% DDM 0.1% DDM
1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS

0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.44 Purification conditions and elution profile of run 28.  

4 Beads: amylose
High Five Protease: thrombin

1.2

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
2 mM imidazole pH 7 2 mM imidazole pH 7 10/20 mM imidazole pH 7 300 mM imidazole pH 7 1.0% CHAPS

1% DDM 1.0% CHAPS 1.0% CHAPS 1.0% CHAPS
1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS

0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.45 Purification conditions and elution profile of run 29.  

4 Beads: amylose
Sf9 Protease: thrombin
1.4

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
2 mM imidazole pH 7 2 mM imidazole pH 7 10/20 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM

1% DDM 0.1% DDM 0.1% DDM 0.1% DDM
1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS

0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.46 Purification conditions and elution profile of run 30.  

4 Beads: TALON
Sf9 Protease: thrombin
1.4

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
2 mM imidazole pH 7 2 mM imidazole pH 7 10/20 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM

1% DDM 0.1% DDM 0.1% DDM 0.1% DDM
1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS

0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.47 Coomassie gel stain of run 30.  
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Figure 3.48 Purification conditions and elution profile of run 31.  

4 Beads: TALON
High Five Protease: thrombin

3

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
8 mM imidazole pH 7 8 mM imidazole pH 7 10/20 mM imidazole pH 7 300 mM imidazole pH 7 1.0% BRIJ
1.0% BRIJ 1.0% BRIJ 1.0% BRIJ 1.0% BRIJ

1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS
protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract

0.05% CHS
0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.49 Purification conditions and elution profile of run 32.  

4 Beads: TALON
Sf9 Protease: thrombin

3

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
8 mM imidazole pH 7 10 mM imidazole pH 7 20/30 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM

1% DDM 0.1% DDM 0.1% DDM 0.1% DDM
1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS

0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Construct 5 To test whether MBP could enhance the stability of the most stable construct to date, 

construct 3, we created construct 5. Again, as the baseline, we assumed CHS and E. coli polar lipid 

extract with DDM. For the first trial, we omitted CHS and E. coli polar lipids, and eluted the entire 

protein fusion product off the TALON resin. Although the SEC profile did not show promise (run 

33, Figure 3.50), subsequent cleavage with thrombin was efficient (Figure 3.42), and was incorporated 

into the ensuing runs. Next, we added CHS and E. coli polar lipid extract, and tried cutting the 

protein directly off the TALON resin (run 34, Figure 3.51). The void peak was much smaller than in 

previous runs, but the profile was quite noisy and irregular. To finish the screen of the library of 

common detergents in the Stroud lab, we tested C12E8, while using amylose resin for protein 

immobilization (run 35, Figure 3.52). The SEC profile had a sharp second peak, but the yield was 

significantly lower than with TALON. To test whether the type of resin was an issue, we then tested 

the same buffer conditions with TALON resin (run 36, Figure 3.53). It led to an even lower sample 

yield, which implied that C12E8 was simply inefficient at extracting hCNT3 from the membrane. In 

addition, we also tested DDM with CHS and E. coli polar lipid extract and cutting the protein 

directly off the amylose resin (run 37, Figure 3.54). Again, the final yield was low and a repeat with a 

5-fold increase in membrane amount (run 38, Figure 3.55), even after a dialysis of DDM, which might 

interfere with amylose binding, did not improve sample stability. No further trials containing the 

construct were performed.  
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Figure 3.50 Purification conditions and elution profile of run 33.  

5 Beads: TALON
High Five Protease: none

4.15

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
2 mM imidazole pH 7 2 mM imidazole pH 7 10/20 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM

1% DDM 0.1% DDM 0.1% DDM 0.1% DDM
1 mg/mL iodoacetamide

protease inhibitor

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.51 Purification conditions and elution profile of run 34.  

5 Beads: TALON
High Five Protease: thrombin

1

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
2 mM imidazole pH 7 2 mM imidazole pH 7 10/20 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM

1% DDM 0.1% DDM 0.1% DDM 0.1% DDM
1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS

protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract
0.05% CHS

0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.52 Purification conditions and elution profile of run 35.  

5 Beads: amylose
High Five Protease: thrombin

1

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
2 mM imidazole pH 7 2 mM imidazole pH 7 10/20 mM imidazole pH 7 300 mM imidazole pH 7 1.0% C12E8
1.0% C12E8 1.0% C12E8 1.0% C12E8 1.0% C12E8

1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS
protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract

0.05% CHS
0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.53 Purification conditions and elution profile of run 36.  

5 Beads: TALON
High Five Protease: thrombin

1.08

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
8 mM imidazole pH 7 8 mM imidazole pH 7 20/50 mM imidazole pH 7 300 mM imidazole pH 7 1.0% C12E8
1.0% C12E8 1.0% C12E8 1.0% C12E8 1.0% C12E8

1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS
protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract

0.05% CHS
0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.54 Purification conditions and elution profile of run 37.  

5 Beads: amylose
High Five Protease: thrombin

0.83

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
8 mM imidazole pH 7 8 mM imidazole pH 7 20/50 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM
1.0% DDM 0.1% DDM 0.1% DDM 0.1% DDM

1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS
protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract

0.05% CHS
0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.55 Purification conditions and elution profile of run 38.  

5 Beads: amylose
High Five Protease: thrombin

4.57

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
8 mM imidazole pH 7 8 mM imidazole pH 7 20/50 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM
1.0% DDM 0.1% DDM 0.1% DDM 0.1% DDM

1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS
protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract

0.05% CHS
0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Constructs 7 and 8 Constructs 7 and 8 are more refined versions of constructs 4 and 5. Construct 7 

has an additional two mutations V274C and A285C, which were selected to cross-link the trimer 

together through the purification process. The sites were shown to cross-link in Chapter 3.1. 

Construct 8 is missing the first 90 amino acid residues which are predicted to be largely disordered, 

and is the first construct to lack parts of both the N- and C-termini. Despite using the most 

stabilizing conditions for construct 3, DDM with CHS and E. coli polar lipid extract, and cutting the 

protein off the column with thrombin, both of their SEC profiles show a largely aggregated void 

peak (run 39, Figure 3.56 and run 40, Figure 3.57). The constructs were not examined further.  
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Figure 3.56 Purification conditions and elution profile of run 39.  

7 Beads: TALON
High Five Protease: thrombin

4.68

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
8 mM imidazole pH 7 10 mM imidazole pH 7 20/40 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM
1.0% DDM 0.1% DDM 0.1% DDM 0.1% DDM

1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS
protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract

0.05% CHS
0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.57 Purification conditions and elution profile of run 40.  

8 Beads: TALON
High Five Protease: thrombin

2.53

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
8 mM imidazole pH 7 10 mM imidazole pH 7 20/40 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM
1.0% DDM 0.1% DDM 0.1% DDM 0.1% DDM

1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS
protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract

0.05% CHS
0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Construct 6 The last construct examined required the most design. It contains an N-terminal MBP 

tag, a poly-asparagine sequence shown to enhance amylose resin binding,86,87 long linker regions to 

ensure protease accessibility, as well as mutations of the 4 putative glycosylated asparagine 

residues. The first run consisted of using DDM with CHS and E. coli polar lipid extract, and cutting 

the protein off the TALON resin (run 41, Figure 3.58). Although the peak corresponding to the trimer 

was small, it was at the right elution volume. A fresh membrane prep from Sf9 insect cells was 

prepared, but it did not improve the results (run 42, Figure 3.59). The last trial consisted of reducing 

the glycerol concentration down to 0.5%, increasing the DDM concentration, and including CHS 

and E. coli polar lipid extract. The full-length protein product was eluted off TALON resin with 

imidazole and not cleaved by thrombin. This too did not improve the general stability of the protein 

sample. 

Conclusion 

A total of 8 different constructs were designed for expression and purification trials. Despite 

attempting to stabilize the hCNT3 homo-trimer with a variety of commonly employed methods, 

including detergent screens, lipid extracts, pH changes, glycerol and salt concentrations, IMAC 

resin types, and protein fusion tags, the purification always resulted in a mostly aggregated protein 

product with a large void peak on the SEC elution profile. These results should serve as the 

foundation for future work, as a catalog of conditions that have already been attempted, and which 

showed promise. The addition of MBP enhanced sample quality, as did CHS and E. coli polar lipid 

extract. Further work in the determination of the structure of CNT3 should focus on the screening 

of close homologs from higher eukaryotes, to identify those that fold properly and express in high 

quantities. While the focus of this project was on the human CNT3, a closely related homolog might 

be easier to purify and crystallize. Changing the expression system to HEK 293S would also be 

encouraged. The 43 trials described here represent the norm rather than an outlier when working 

with human SLC transporters. The importance of this transporter family should serve as the 

motivation for future efforts.  
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Figure 3.58 Purification conditions and elution profile of run 41.  

6 Beads: TALON
High Five Protease: thrombin

6.85

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
8 mM imidazole pH 7 10 mM imidazole pH 7 20/30 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM
1.0% DDM 0.1% DDM 0.1% DDM 0.1% DDM

1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS
protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract

0.05% CHS
0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.59 Purification conditions and elution profile of run 42.  

6 Beads: TALON
Sf9 Protease: none
2.5

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

5% glycerol 0.5% glycerol 0.5% glycerol 0.5% glycerol 0.5% glycerol
8 mM imidazole pH 7 8 mM imidazole pH 7 20/40 mM imidazole pH 7 300 mM imidazole pH 7 0.25% DDM
1.5% DDM 0.25% DDM 0.25% DDM 0.25% DDM

1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS
protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract

0.05% CHS
0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Figure 3.60 Purification conditions and elution profile of run 43.  

6 Beads: TALON
Sf9 Protease: thrombin
2.5

50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7 50 mM HEPES pH 7
300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10% glycerol 10% glycerol 10% glycerol 10% glycerol 10% glycerol
2 mM imidazole pH 7 2 mM imidazole pH 7 20/40 mM imidazole pH 7 300 mM imidazole pH 7 0.1% DDM
1.0% DDM 0.1% DDM 0.1% DDM 0.1% DDM

1 mg/mL iodoacetamide 0.05% CHS 0.05% CHS 0.05% CHS
protease inhibitor 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract 0.1 mg/mL E. coli lipid extract

0.05% CHS
0.1 mg/mL E. coli lipid extract

Elution buffer SEC buffer

Construct:
Insect cell line:
Amount of membrane (g):

Resuspension buffer Wash I buffer Wash II/III buffer
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Screening for novel ligands of hCNT3  

The human genome encodes for 3 concentrative nucleoside transporters: CNT1 (SLC28A1) that is 

predominantly pyrimidine-selective, CNT2 (SLC28A2) that is purine-selective, and CNT3 

(SLC28A3) that exhibits broad specificity.88 The residues governing the ligand specificity of each of 

the CNT transporters have been determined through extensive chimeric studies.2 By creating a 

chimera containing residues 1–300 of rat CNT1, 297–358 of rat CNT2, and 363–648 of rat CNT1, the 

specificity of rat CNT1 was altered such that the transporter became purine-selective. Further 

examination implicated hCNT1 residue S318 (hCNT3 residue G340) as the main determinant of 

ligand selectivity.89 When mutated to the corresponding hCNT2 residue, glycine, the mutant was 

capable of both purine and pyrimidine uptake. Additional mutation of S352/L353 (hCNT3 residues 

S374/V375) of this chimera into the corresponding hCNT2 residues T347/V348 abolished 

pyrimidine transport, creating a purine-specific hCNT2-like tranporter.77 Other mutations 

implicated over the years to be critical for substrate binding include hCNT1 residues E321 (hCNT3 

residue E343) and E497 (hCNT3 residue E519).90 

The details of nucleoside binding to CNTs were recently further clarified by the co-crystal 

structures of vcCNT with uridine and a series of other nucleosides and nucleoside analogues 

(zebularine, adenosine, ribavirin, cytidine, purrolo-cytidine, gemcitabine, 5-fluorouridine).46 While 

the 2012 structure of vcCNT14 allowed us to model the human CNTs for the first time, the coupling 

of equilibrium-binding and extensive crystallographic studies has allowed for the elucidation of the 

importance of specific residue/nucleoside interactions. Nucleoside interactions with the binding 

pocket can thus be divided into two groups: ribose interactions and nucleobase interactions.46 

Amino acid residues that participate in the ribose interactions (hCNT3 residues E519, N565, S568) 

(Figure 3.61A) are conserved between vcCNT and all human CNTs. The same is not true for the 

nucleobase interactions. Because each human CNT has a different specificity, the exact nucleobase 

interactions vary across transporters. For hCNT3, those include Q341, T342, E343 (direct hydrogen 

bonds or through a water molecule), and V375 (van der Waals interaction) (Figure 3.61A). Since 

many nucleoside analogues contain a modified ribose sugar, they most likely sacrifice binding 

affinity stemming from these interactions. However, the total binding affinity can be additively 

compensated for by the nucleobase interactions, as shown by pyrrolo-gemcitabine.46 Specificity 

also arises from the pocket volume. hCNT3 and hCNT2 can accommodate purines due to the larger 
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binding pockets created by a smaller side chain of valine (hCNT3 residue V375) near the 

nucleobase, instead of a leucine present in the pyrimidine-selective hCNT1. 

As mentioned previously, the focus on CNTs stems not only from their endogenous role in 

nucleoside salvage, but also from the importance of their pharmacological substrates, the 

nucleoside analogs, which frequently find use in the treatment of viral infections and cancers.12 To 

maximize the efficacy of these highly toxic agents, one strategy is to limit the distribution of these 

compounds into noncancerous tissues. This goal might require inhibition of transporters that 

transport nucleoside analogs into the cytoplasm. While highly selective inhibitors of ENTs, such as 

NBMPR, have been identified several decades ago,91 the same is not true for human CNTs. 

Phloridzin, a naturally occurring flavonoid,92 has long been considered as the standard hCNT 

inhibitor (Ki = 16 µM) (Figure 3.62). However, it is neither hCNT specific nor particularly potent. 

While recent studies have attempted to identify more potent inhibitors, they represent incremental 

improvements through the synthesis of phloridzin analogs,93 benzopyranone derivatives,36 or 

fused-pyrimidine nucleoside analogs.94  

Here, we describe screening hundreds of thousands of compounds, encompassing a large, never-

before-tested chemical space, in search of novel hCNT3 ligands, both substrates and inhibitors. 

Following a virtual screen, a subset of compounds was tested in a cell-based assay. Ticagrelor, an 

FDA-approved platelet aggregation inhibitor, was identified as a novel, potent (IC50 of 6.47 ± 1.27 

µM) inhibitor of hCNT3-mediated uridine uptake. This result serves as an encouraging first step in 

the screening of significantly larger and varied libraries.  
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Figure 3.61. Cartoon and surface representations of the hCNT3 active site with uridine. Comparative structure 
model of hCNT3 was created using the co-crystal structure of vcCNT with uridine (PDB ID 3TIJ)(ref. 14) as a 
template. A) Residues participating in the stabilization of the ligand within the active site are shown as sticks. 
Crystallographic waters (PDB ID 4PD6) are shown as red spheres. Hydrogen bonds between uridine (marine) and 
the protein are shown as yellow (ribose interactions) and lime (nucleobase intractions) dashed lines. B) Surface 
representation of the active site from (top view). C) Cross-sectional view of the surface representation of the active 
site.  
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Methods 

Comparative structure modeling of hCNT3 A comparative protein structure model of hCNT3 was 

created using MODELLER 9.14.31 The 2.4 Å co-crystal structure of vcCNT (39% sequence identity) 

bound to uridine in the inward-facing occluded conformation served as the template (PDB ID 

3TIJ).14 The sequence alignment was obtained by a manual refinement of gaps in the output from 

the PROMALS3D95 server. The ligand and water molecules from the crystal structure were treated 

as the BLK residue type in the alignment and were essentially copied from the template structure 

into a model as a rigid body, retaining proper stereochemistry in the surrounding protein-binding 

site and protein-ligand interactions. One hundred models were created using the automodel class 

with default settings. The models had acceptable protein orientation-dependent statistically 

optimized atomic potential (SOAP-Protein) scores.96 The top-scoring model was used for further 

analysis. 

Virtual screening The model was evaluated for ligand enrichment from a set of decoys based on 

enrichment curves and corresponding logAUC values.97,98 Docking was performed using UCSF 

DOCK 3.6.99 Decoys of high physicochemical but low topological similarity were generated with the 

aid of the directory of useful decoys-enhanced (DUD-E) based on a set of known ligands.100 

Different combinations of water molecules were tested to determine which arrangement resulted 

in the highest enrichment. The binding pocket with no waters produced the highest logAUC of 

35.26, suggesting that it is suitable for predicting novel ligands.97,101,102 A random selection of 

compounds from a mixed set of decoys and ligands yields a logAUC of 14.5; twice as many ligands as 

random selection yields a logAUC of 24.5; and an enrichment that selects 10 times as many ligands 

as random yields a logAUC of 47.7.97 With a validated model in hand, two different ZINC compound 

libraries were then screened: KEGG-DRUG103 and a ZINC library of “fragment-like” compounds.104 

Next, docking poses were ranked by the DOCK scoring function, which is a sum of van der Waals 

interactions, electrostatic potential, and ligand desolvation penalty terms. Finally, the top 500 

poses were inspected by eye to prioritize compounds for experimental validation. 

Generation of cell lines Porcine kidney tubular epithelium nucleoside transporter deficient cells 

(PK15NTD)34 were donated by Dr. Chung-Ming Tse (The Johns Hopkins University School of 

Medicine, Baltimore, MD, USA). Stably transfected PK15NTD cells were created by transfecting 

pcDNA5/FTR (Invitrogen) vector containing the full-length human CNT3 cDNA (CNT3) and the 
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empty vector (EV) using Lipofectamine 2000 (Invitrogen) per manufacturer’s instructions. They 

were then cultured in Eagle’s minimal essential medium with Earle’s balanced salt solution with 1 

mM sodium pyruvate, 0.1 mM non-essential amino acids, 10% FBS, 100 I.U./mL penicillin, 100 

µg/mL streptomycin, and 200 µg/mL hygromycin B at 37°C and 5% CO2, as reported previously.35,36 

Uptake experiments Uptake studies were performed as described previously.38 Briefly, PK15NTD 

cells were seeded on non-coated polystyrene 24-well plates (Corning). After 48-hour, the cells were 

incubated for 10 minutes in a 37°C sodium-free buffer (5 mM HEPES, 10 mM glucose, 1 mM CaCl2, 

140 mM N-methyl-D-glucamine, 5 mM KH2PO4, 1 mM MgCl2, pH 7.4). The uptake was initiated by 

the addition of 33.3 nM [5,6-3H]-uridine (Moravek MT 799) in a sodium-containing buffer (5 mM 

HEPES, 10 mM glucose, 1 mM CaCl2, 5 mM KCl, 135 mM NaCl, 1 mM MgCl2, 0.8 mM Na2HPO4, 3.3 

mM NaH2PO4, pH 7.4) and terminated by washing the cells twice with 4°C sodium-free buffer. Cells 

were lysed by the addition of lysis buffer (0.1% SDS vol/vol, 0.1 N NaOH). Intracellular radioactivity 

was measured by scintillation counting and normalized per well of protein content using the BCA 

Protein Assay Kit (Pierce 23225). [3H]5-amino-1-phenyl-1H-1,2,3-triazole-4-carbimidothioic acid 

(ZINC000000383878) was custom synthesized by Moravek Biochemicals. 

Results and discussion 

A comparative structure model of hCNT3 based on the structure of vcCNT14 was created for the 

purposes of virtual screening. Two separate libraries were screened. The first library was the 

KEGG-DRUG database containing 7,624 approved drugs and drug metabolites approved in Japan, 

USA, and Europe.103 The goal of this screen was to discover whether hCNT3 participates in the 

tissue distribution or elimination of existing drugs on the market or is a target of off-target 

inhibition. The second one was a library of 847,909 “fragment-like” compounds, defined as 

molecules with logP ≤ 3.5, molecular weight ≤ 250, and number of rotatable bonds ≤ 5.104 In theory, 

fragments are non-functionalized compounds suitable for optimization with low target affinity but 

high ligand efficiency.104 This screen was performed to discover compounds that might be 

transported by hCNT3 but are dissimilar to nucleosides. 

Following a visual inspection of the top ranking molecules, 8 drugs and 6 fragments were purchased 

for experimental validation. The set represents a wide variety of chemical classes (Figure 3.63 and 

Figure 3.65). To test the compounds, a PK15NTD cell line stably overexpressing hCNT3 was created. 
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An uptake assay using radiolabeled uridine validated the proper function of hCNT3 and inhibition 

by phloridzin at potencies previously reported in the literature (experimental IC50 = 7.40 ± 1.43 µM, 

literature36 IC50 = 25 ± 3.5 mM) (Figure 3.65 and Figure 3.67). Each of the purchased compounds was 

screened at two concentration, high (500 or 250 µM) and low (5 or 2.5 µM). Some of the molecules 

were dissolvable only in a mixture of water and DMSO or HCl; the highest used concentration of 

these solvents served as a negative control. 

In the drug screen, of the 8 compounds tested, ticagrelor and sonedenoson significantly inhibited 

the uptake of uridine (Figure 3.66). Ticagrelor is an oral, reversibly binding P2Y12 receptor antagonist 

that blocks ADP-induced platelet aggregation.105 It is marketed in the United States by AstraZeneca 

under the name Brilinta. It has replaced Plavix (clopidogrel) as the more efficacious drug for 

patients with acute coronary syndrome.106 Sonedenoson is an A2AAR agonist that was clinically 

evaluated by King Pharmaceuticals as a prospective new topical drug for the treatment of chronic, 

neuropathic, diabetic foot ulcers.107 Its development has since been terminated due to efficacy 

problems.108 With that in mind, we have chosen not to follow up on sonedenoson.  
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Figure 3.62 Molecular structure of phloridzin.  
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Figure 3.63 Molecular structure of compounds selected from the virtual screen of the KEGG DRUG database.  
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Figure 3.64 Molecular structures of compounds selected from the virtual screen of ZINC library of fragments. 
 

 

Figure 3.65 Cellular uptake results testing the stable PK15NTD cell line overexpressing hCNT3. Phloridzin, a 
known hCNT3 inhibitor, represents the positive control. The DMSO negative control is also shown. Error bars 
represent s.e.m. Each condition was replicated 3 times.  
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Figure 3.66 Cellular uptake results testing the compounds purchased from the KEGG DRUG screen. 
Normalized [3H]uridine uptake in PK15NTD cells stably transfected with hCNT3 with and without the addition of 
compounds predicted to bind from the virtual screen. Phloridzin, a known hCNT3 inhibitor, represents the positive 
control. *** represents p-value < 0.001. Error bars represent s.e.m. Each condition was replicated 3 times.  
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The potency of ticagrelor was further examined by determining the IC50 values for uridine and 

adenosine accumulation (Figure 3.67 and Figure 3.68). It proved to be equally as potent at uridine 

uptake inhibition as the standard phloridzin, at IC50 of 6.47 ± 1.27 µM vs 7.40 ± 1.43 µM, respectively. 

For adenosine uptake, ticagrelor was significantly less effective as an inhibitor, with an IC50 of 40.2 

± 1.4 µM vs an IC50 of 16.2 ± 1.3 µM for phloridzin. This finding is in agreement with the KM values for 

hCNT3, with adenosine having a lower KM (15.1 ± 1.8 µM adenosine vs 21.6 ± 5.4 µM uridine),4 which 

indicates that hCNT3 has a higher affinity for adenosine than for uridine. The difference in affinity 

stems from a difference in interaction between the purine and pyrimidine nucleobases and the 

CNT3 binding pocket residues. Also, ticagrelor does not appear to be selective for hCNT3, because 

it also inhibits hCNT1- and hCNT2-mediated uridine uptake (Figure 3.69). 

Recent work involving ticagrelor has independently discovered its adenosine-mediated effects 

through the interaction with nucleoside transporters, in addition to its interaction with the primary 

target, the P2Y12 receptor.106 Ticagrelor was shown to inhibit adenosine uptake in human 

erythrocytes in a dose-dependent manner.109 Further work has implicated ENT1 as the nucleoside 

transporter most potently inhibited by the drug, with an adenosine uptake IC50 of 0.26 µM. The 

inhibition of ENT1 on platelets leads to an accumulation of extracellular adenosine and a 

subsequent activation of adenosine A2A receptors, culminating in an increase in basal cAMP and 

vasodilator-stimulated phosphoprotein phosphorylation (VASP-P).110 Its interaction with hCNT3 

could therefore be of secondary importance, as clinically relevant concentrations of ticagrelor 

never reach hCNT3 inhibition levels.111 Based on its size and large functional groups, it is unlikely to 

be a hCNT3 substrate.  
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Figure 3.67 The inhibitory effect of ticagrelor and phloridzin on CNT3-mediated [3H]uridine uptake. Each data 
point was replicated 3 times (IC50 ticagrelor 6.47 ± 1.27 μM, IC50 phloridzin 7.40 ± 1.43 μM). 
 

 

Figure 3.68 The inhibitory effect of ticagrelor and phloridzin on CNT3-mediated [3H]adenosine uptake. Each 
data point was replicated 3 times (IC50 ticagrelor = 40.19 ± 1.40 μM, IC50 phloridzin = 16.15 ± 1.33 μM).  
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Figure 3.69 Cellular uptake results testing the specificity of ticagrelor against human concentrative 
nucleoside transporters. Normalized [3H]uridine uptake in PK15NTD cells stably transfected with hCNT1, hCNT2, 
and hCNT3 with and without the addition of 100 μM ticagrelor. *** represents p-value < 0.001. * represents p-value < 
0.05. Error bars represent s.e.m. Each condition was replicated 3 times.  
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In the fragment screen, of the 6 compounds tested, only ZINC000000383878, a 1,2,3-triazole, 

exhibited mild uridine inhibition (Figure 3.70). 1,2,3-triazoles and their derivatives are important in 

medicinal chemistry for combinatorial library synthesis and have been shown to be effective as 

antivirals, antibacterials, antifungals, anticonvulsants, antidepressants, and antineoplastics.112,113 As 

mentioned above, fragments are non-functionalized compounds and therefore are typically weak 

ligands.104 Due to the small size of the compound, we hypothesized that it could be a substrate, 

which would explain the mild, but significant inhibition of uridine uptake. To test this hypothesis, 

we radiolabeled the compound. Despite a promising virtual screen pose and preliminary data, the 

hCNT3-mediated uptake of ZINC000000383878 was not different between PK15NTD cells 

overexpressing hCNT3 and negative control (Figure 3.71). Thus, due to weak inhibition at a high in 

vitro concentration of 500 µM and no inhibition at a physiologically high concentration of 5 µM, we 

decided not to pursue the compound as an inhibitor. 

Additional hits from the virtual screen await purchasing and testing. 

Conclusion 

Only compounds with the top 500 poses from each screen were examined, and of those, only 14 in 

total were purchased. Despite being largely unsuccessful in finding high impact substrates or 

inhibitors so far, the screen shows promise, as it correctly identified ticagrelor as an inhibitor. This 

work is part of an ongoing collaboration between the Giacomini and Sali labs with the goal of 

finding novel ligands for human SLCs, and will be continued further.  
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Figure 3.70 Cellular uptake results testing the compounds purchased from the ZINC fragment screen. 
Normalized [3H]uridine uptake in PK15NTD cells stably transfected with hCNT3 with and without the addition of 
compounds predicted to bind from the virtual screen. Phloridzin, a known hCNT3 inhibitor, represents the positive 
control. * represents p-value < 0.05. *** represents p-value < 0.001. Error bars represent s.e.m. Each condition was 
replicated 3 times.  
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Figure 3.71 Cellular uptake results testing the radiolabeled ZINC000000383878. Normalized 
[3H]ZINC000000383878 uptake in PK15NTD cells (EV) and PK15NTD cells stably transfected with hCNT3 (CNT3). 
Error bars represent s.e.m. Each condition was replicated 3 times.  
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Chapter 4: 
Expanding the Druggable 
Proteome Through 
Discovery of Mutant-
Specific Binding Pockets 
The contents of this chapter have been submitted in expanded form as part of a grant application 

for the NIH Transformative R01 program. The project is in its proof-of-concept phase and will 

continue to be funded for the next several years. Key to the design, execution, and ultimate success 

of this project is the unconventional team that has been assembled and the innovative, fertile 

environment in which the project has been and will be conducted. The expertise of medical 

oncologist/cancer biologist Trever Bivona, structural and systems biologists James Fraser and 

Andrej Sali, genome engineering pioneer Jonathan Weissman, the UCSF Small Molecule Discovery 

Center (SMDC) led by Michelle Arkin, and small molecule discovery pioneer Kevan Shokat are 

combined to leverage the UCSF institutional strengths in genetics, pharmacology, structural, 

computational, and cancer biology. 
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In the first section, the details of the proposal are outlined. We strive to expand the druggable 

proteome by identifying mutations that enable us to pharmacologicaly modulate the cancer-driving 

mutant form of a protein, while avoiding modulating the native form or related family members 

present in non-cancerous cells. In the second section, we illustrate why this ambitious project 

requires unconventional integrative, interdisciplinary, and cutting-edge approaches by examining 

phosphatase PTEN R130G as a case study. 

The author’s contribution included the setup of a structural bioinformatics framework for Part B of 

the proposal, to predict proteins with cancer mutations that may lead to a mutant-specific cryptic 

binding site. In addition, as a proof-of-concept of the robustness of the approach, the author created 

a comparative structure model of the PTEN R130G mutant and subsequently screened a library of 

41 million small molecules, to identify potential selective activators of the functionally inactive 

mutant for experimental validation.  
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Project aims and research strategy 

Approach overview  

The goal of this proposal is to create an intellectual foundation and experimental platform that will 

transform the precision treatment of cancer patients broadly and improve their survival. We 

propose a conceptually and technically innovative, systematic, and multidisciplinary approach to 

efficiently design effective targeted cancer therapies that act selectively against the critical cancer-

driving mutant proteins present in tumors. We will identify mutations that convert undruggable 

proteins into therapeutic targets and mutations that enable us to selectively pharmacologically 

modulate the cancer-driving mutant form a protein, while sparing the native form or related family 

members present in non-cancerous cells. 

Our underlying hypothesis is that mutations in cancer genes alter the thermodynamic stability of 

the mutated protein,1 creating new cryptic small molecule binding pockets2 otherwise undruggable 

proteins and allowing for selective targeting of the mutant but not native form of the cancer-driving 

protein. Our approach is transformative because it has the potential to destroy human tumors on a 

broad scale and with minimal toxicity. The innovative nature of this proposal is due to its ability to 

simultaneously: 1) re-prioritize critical cancer mutations for therapeutic targeting in patients, 2) 

uncover the biochemical, biological, and functional effects of these therapeutically untapped cancer 

mutations, 3) establish a new, iterative platform to accelerate the development of maximally 

effective genetically-targeted cancer therapies at unprecedented scale and breadth, and 4) provide 

mutant-selective activators (correctors) that would unlock the therapeutic potential of intractable 

tumor suppressor targets such as PTEN. This innovation would transform the field, as there is no 

established or systematic approach to accomplish this goal and no mutant-selective activator 

therapy is approved for use in cancer patients (Figure 4.1). Because of the interdisciplinary nature of 

this application, we have assembled a team of investigators with synergistic and deep domain 

expertise, which will allow us to successfully complete the high-risk, high-reward project we 

propose. The payoff of these studies will be both an improved understanding, at the basic level, of 

the effects and functions of the genetic alterations present in human cancers and, at the 

translational level, of a new model to design effective therapies against any relevant cancer 

mutation and match these therapies with appropriate cancer patient populations. If successful, this 



 248 

approach will improve the survival of cancer patients and, more broadly, propel the field of genomic 

medicine forward to improve human health in the near term. 

Background and rationale 

We propose a high risk, high impact project to improve our understanding of the genetic basis of 

disease (focusing initially on cancer) and enhance the survival of cancer patients through the 

systematic development of unconventional precision, genetically-targeted cancer therapies. The 

identification of specific somatic genetic alterations that drive tumor growth and the development 

of specific targeted therapies that act against them has revolutionized the treatment of patients 

suffering from a wide spectrum of advanced stage tumors.3 Prominent examples of the success of 

genetically-targeted cancer therapy include the first-line use of ABL kinase inhibitors (e.g., 

imatinib, nilotinib) in chronic myeloid leukemia patients, of EGFR kinase inhibitors (e.g., erlotinib, 

afatinib, osimertinib) in patients with EGFR mutant lung cancer, of ALK kinase inhibitors (e.g., 

crizotinib, ceritinib, alectinib) in patients with ALK gene rearrangement positive lung cancer, and 

of BRAF kinase inhibitors (vemurafenib, dabrafenib) in patients with BRAF mutant melanoma.4 

The increased efficacy and decreased toxicity of these targeted therapies has led to a move away 

from traditional cytotoxic chemotherapy and toward genetically informed cancer treatment for the 

relevant cancer patient subsets. However, despite these notable paradigm-defining successes and 

the widespread recognition that virtually all cancers are driven by specific genetic alterations 

present in the tumor, targeted therapies are not available for the vast majority of cancer patients. 

This is because only ~5% of the recurrent genetic alterations present in human tumors are currently 

functionally characterized and therapeutically targeted with specific drugs.5 Most of the 5% of 

cancer alterations that are currently targeted in patients with clinically approved molecular 

therapies are kinases, with a few important exceptions such as nuclear hormone receptors.5,6 Thus, 

~95% of the cancer genome (and a multitude of non-kinase targets) remains therapeutically 

untapped as patients nearly uniformly succumb to lethal cancer progression. Furthermore, almost 

all of the small fraction of patients overall who derive an initial benefit from current targeted 

therapies suffer from drug-resistant disease progression, as the tumors eventually escape from 

treatment.7-11 Because of this resistance, targeted therapies are not curative in cancer patients (with 

some notable exceptions). Thus, targeted therapies currently are not available for the majority of 

cancer patients and not curative in the majority of patients in which they are deployed. This stark 

reality is true even for emerging immunotherapies such as anti-programmed death-ligand 1 (PD-L1) 
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and anti-programmed death 1 (PD-1) antibodies that show remarkable activity in some patients but 

yet are ineffective in the majority of cancer patients.12 Furthermore, responses to these promising 

immunotherapies often are similarly limited by the development of resistance that is driven by 

emergent genetic alterations.13,14 Our project has the potential to help address this emerging 

problem and improve immunotherapy response as well. 

Several obstacles have prevented progress in the field. First, we are currently unable to clinically 

modulate the vast majority of cancer-driving genetic alterations present in tumors, including 

recurrent mutant forms of many proteins that are potentially druggable.15 Progress has been 

hindered because the biological function of many of these specific recurrent cancer variants 

remains poorly characterized.15 Moreover, the extent to which potent and selective pharmacologic 

modulation of many non-traditional cancer targets (such as individual epigenetic regulators and 

tumor suppressors) can be achieved with conventional drug design approaches remains unclear. 

Furthermore, many of the alterations in tumors are in genes other than kinases and often inactivate 

rather than activate the function of the relevant protein.15 Hence, many of the ~95% of unexploited 

cancer targets that are inactivating variants have been thought to be less amenable to direct 

pharmacologic modulation and considered undruggable.6 However, the success of small molecules 

that “re-activate” inactivated proteins in other genetically-based diseases provides a potential path 

forward. The recent clinical introduction of ivacaftor, a mutant-selective CFTR G551D potentiator 

that restores the function of the mutant CFTR, in cystic fibrosis patients provides an important 

counterpoint to the concept that some proteins are undruggable.16,17 The success of ivacaftor offers 

proof of concept of the biological and clinical utility of pharmacologic restoration of disease-driving 

mutant proteins. Additional proof-of-concept “pharmacological chaperones” are emerging for 

other diseases.18-20 Initial successes against p5321-23 suggest the broader potential of small molecule 

correctors to reactivate tumor suppressors in cancer, but a systematic approach to achieve this goal 

is lacking.  
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Figure 4.1 Example changes in druggable pockets created by mutations. Top) In the simplest case, mutations 
(red residues) remove a wild type side chain (blue) that presents a steric block to a pocket (mapped CryptoSite and 
FTMap). Middle) Mutations to cysteine (yellow) present new druggable opportunities, extending the concept 
validated by KRAS G12C molecules. Bottom) Some mutations change the pocket or accessibility of a cysteine side 
chain, suggesting a strategy for mutant-specific covalent modulation. In addition to these illustrative static examples 
of mutant pocket changes, CryptoSite also incorporates flexibility at other sites, which will increase the 
opportunities for allosteric mutant-specific small molecule modulation.  
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Second, most of the available targeted cancer therapies do not selectively modulate the activity of 

the mutant cancer-driving protein.3 The success of both targeted inhibition of activated cancer-

driving proteins (e.g., kinases such as RAF or MEK) and the potential targeted enhancement of 

inactivated cancer-promoting proteins (e.g., tumor suppressors such as PTEN) is severely 

compromised without selectivity against the mutant protein target. This is because of the 

associated toxicity that results from modulation of the native form of the protein (or its family 

members) in non-cancer cells.8 Therefore, non-mutant selective agents must be dosed in patients to 

limit toxicity in non-cancer cells that harbor the native form of the protein (or its family members) 

targeted by the drug. This limitation results in less complete biological impact on the intended 

target in the tumor cells, contributing to the immediate or eventual escape of the tumor cells from 

the therapy and drug-resistant tumor progression in patients.8 Thus, even the druggable cancer 

genome is not optimally leveraged to specifically, completely, and most safely destroy tumors in 

patients. 

One recent notable exception to this historically limited approach to the development of targeted 

cancer therapy is the design and deployment of third generation covalent, mutant-selective, wild 

type sparing EGFR kinase inhibitors in EGFR mutant lung cancer patients (e.g., 

osimertinib/AZD9291).24-26 Because these agents inhibit the EGFR mutant variants driving tumor 

growth and more modestly inhibit wild type EGFR, they have demonstrated improved anti-tumor 

effects and less toxicity compared to first (erlotinib) and second (afatinib) generation EGFR kinase 

inhibitors used in patients. Moreover, the mutant specific inhibitors are effective in erlotinib-

resistant lung cancers.24-26 Together, these proof of principle data demonstrate the utility of 

mutant-selective targeted therapies to improve outcomes for cancer patients. However, the cancer 

mutant-specific agents currently available (e.g., osimertinib targeting EGFR) are not devoid of 

activity against the wild type protein (e.g., EGFR) and clinical toxicity remains a challenge.26 

Mutant selective preclinical agents targeting KRAS G12C have also been reported but have yet to 

undergo clinical testing.27 Unfortunately, these efforts, while significant, remain focused on only a 

very small fraction of the already established somatic variants present in the cancer genome. This 

approach to develop covalent inhibitors of cancer-driving proteins such as mutant EGFR and 

mutant RAS is limited in scale because it depends upon covalent interaction of a drug with a critical 

cysteine residue in the target protein (e.g., EGFR C797 and KRAS G12C). Most cancer targets, which 

do not have a cysteine residue that is critical for activity, are not druggable by this approach. 
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We propose to overcome these obstacles to systematically and substantially expand the ‘druggable’ 

cancer genome as our central goal. Our approach will not only convert undruggable mutant cancer 

proteins into druggable targets but also increase our ability to selectively target only the critical 

cancer-driving mutant protein to more effectively and specifically kill tumor cells and spare non-

cancerous cells. Key to accomplishing our goal is the fact that most mutations only marginally 

reduce protein thermodynamic stability and lead to increased fluctuations around the native 

state.28 Both the structural and dynamic effects of mutations can therefore increase the propensity 

for moderately sized hydrophobic pockets to open in the protein Figure 4.1. These pockets present 

new opportunities to discover novel binding sites for potent and selective pharmacologic agents to 

either therapeutically inhibit or, conversely, even rescue mutant protein function, in a selective 

manner. There are also additional opportunities to target cysteine residues, that are transiently 

exposed only in the mutant, with covalently labeling molecules Figure 4.1. While most approaches 

prioritize molecules that directly bind to and inhibit the active sites of enzymes, such as kinases, we 

will instead exploit mutant specific conformational effects to prioritize and target the most 

prevalent and biologically and clinically important cancer mutations. Our work will directly attack 

targets that are likely to be ignored by conventional strategies using extracellular domain directed 

antibodies or active site directed small molecules. We will use our novel, integrated approach to 

catalyze a sea change in the design and use of genetically targeted cancer therapies. Our studies are 

potentially paradigm shifting and will propel forward the fields of cancer biology, genetics, and 

pharmacology, cancer therapy, and genomic medicine. If successful, our efforts will create a new 

armamentarium of more effective and safe targeted therapies to improve the survival of cancer 

patients broadly in the near term. 

Project-enabling technology innovations and platform 

To accomplish our goal and develop a new paradigm for the functional annotation and therapeutic 

targeting of cancer mutations, we will use and integrate four complementary, innovative strategies 

to create a systematic platform to accelerate the identification of selective genetically targeted 

cancer therapies. Our platform utilizes four components, outlined in Figure 4.2.  



 253 

 

Figure 4.2 A novel iterative platform to create targeted cancer therapies. A) To prioritize critical cancer 
mutations that are likely rational targets for therapeutic intervention, we will perform an unbiased analysis of cancer 
genomes and exomes. Based on our preliminary analysis of >10,000 available human cancer genomes across all 
tumor types, this re-prioritization of recurrent somatic cancer point mutations consists of approximately 1,000 
distinct mutations. Of these, we will select the 24 most significantly enriched mutations for systematic biological and 
functional annotation in relevant human cellular models (C). B) To prioritize mutations that convert undruggable 
proteins into druggable targets, we will determine the potential for mutations to create new “cryptic” binding 
pockets in target proteins. Based on preliminary results, we expect that half of the mutations (~500) will map to 
regions of the protein where an experimental structure or high quality homology model exists and may impact the 
potential for forming new cryptic sites in these regions. Based on statistical machine learning of validated cryptic 
sites, we will select mutations inducing the 24 most promising cryptic pockets for systematic biological and 
functional annotation (C). All new pockets large enough to accommodate a >150 MW small molecule will be 
subjected to virtual screening to identify potential small molecule modulators (D). C) To study the 48 mutations 
identified by genome analysis (A) and biophysical properties (B), we will use CRISPR/CAS9 to create mutant specific 
cell lines. These cell lines will serve two purposes. First, we will quantify the effects of each cancer variant on cell 
signaling, proliferation, growth, survival, and tumor growth in immunocompromised mice (tumor xenograft studies) 
using our established approaches and the unedited isogenic cellular model for control. The information from this 
stage will feed back into (A) and (B), both of which incorporate machine learning and statistical enrichment metrics 
to identify the most promising mutations. Second, the cell lines will be leveraged for cell-based small molecule drug 
efficacy screening (D), with the wild type reference cell lines serving as a control. D) We will take a two-pronged 
approach, guided by functional studies (C), to discover inhibitors or “correctors” of mutated proteins. First, on the 
top ten validated cell lines (C) we will determine the effects of small molecule perturbation screening based on cell 
viability and proliferative signals observed via biochemical and microscopic analysis. Second, we will perform virtual 
screening on all pockets identified (B). For the top predictions, we will perform functional assays in cell lines and in 
vitro using purified proteins. The information from functional studies (C) and screening, will feed back into our 
genome analysis and cryptic site prediction algorithm, both of which incorporate machine learning and statistical 
enrichment metrics to identify through a reinforcing, iterative learning model the most promising mutations for 
therapeutic intervention.  
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Figure 4.3 A mutation adjacent to the PTEN active site is a candidate mutant-specific cryptic pocket and 
target for a small molecule re-activator of PTEN function. A) PTEN domain structure is shown with the number 
of mutations identified at each residue shown on the Y-axis. R130 is a hotspot for mutations identified from diverse 
tumor types. B) Mutations can shift the energy landscape by introducing near-native states with only minor 
destabilization of the native state. These near-native states can include exposed concave pockets, which provide an 
increased surface area that in turn maximizes intra-molecular interactions. Mutations emerging in cancer are more 
likely to induce these pockets since most mutations are mildly destabilizing. C) Many proteins have small molecule-
binding pockets that are not easily detectable in the ligand-free structures. Sometimes, however, a binding site is 
flat in the absence of a ligand and only forms in the presence of a ligand; such binding sites are called cryptic sites. 
During AllosMod simulations, we find transient pockets formed in the mutant (red) and wild-type (blue) proteins. D) 
Some clusters of residues have increased propensity for pocket formation in the mutant PTEN (blue dots), while 
other residues have decreased propensity in the mutant (red dots). This result suggests that mutations will induce 
specific pockets that can be targeted with small molecules. E) The active-site adjacent pocket of PTEN is quite 
small in the WT protein. R130 is shown in sticks and the backbone position is highlighted in yellow. F) In contrast, 
the elimination of the R130 side chain opens access to a cryptic hydrophobic pocket of over 500 cubic Å. This 
pocket likely destabilizes the active site architecture and leads to a decrease in catalytic activity. The binding 
interactions with the substrate and the steric interactions with the other active site residues would need to be 
compensated for by a rescue molecule.  
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Part A - Re-prioritization of cancer targets through biologically unbiased cancer genome 

analysis Here, the key innovation is the nomination of cancer variants of interest in a truly 

unbiased manner, independent of the biological function of the particular protein involved or the 

presumed function of the specific cancer variant (e.g., a function-inactivating versus activating 

mutation). Our approach, based on the use of custom scripts and an extensively developed novel 

bioinformatics pipeline for cancer genome analysis, stands in contrast to conventional strategies to 

prioritize cancer variants for therapeutic modulation. These classical approaches have prioritized 

for therapeutic investigations mostly proteins in which activating variants are present and proteins 

that are considered readily inhibited with antibody or small molecule based therapies, such as 

kinases.3 This approach, while generating some successful targeted therapies such as EGFR and 

BRAF kinase inhibitors, has minimized or neglected the vast majority (~95%) of potential drug 

targets present in the cancer genome.3 Strikingly, almost the entire cancer genome that is 

potentially targetable therefore remains therapeutically unexplored.5 Our unbiased approach not 

only allows us to re-prioritize genetic cancer targets but also to immediately expand the target 

landscape across the majority of human cancers. 

We do include an important filter in our cancer-genome based target re-prioritization. Importantly, 

we will incorporate current biological and clinical knowledge of the role of a particular protein of 

interest in which an identified mutation resides during prioritization for follow up studies in Parts 

B, C, D. This feature of our approach allow us to identify mutations of interest in an unbiased 

manner while also prioritizing the study of the individual mutant proteins that are more likely to be 

cancer driver versus passenger events and hence more biologically and clinically relevant. Indeed, 

we will seek to prioritize those mutants that are more frequently selected for across tumors or in a 

particular tumor type with unmet need and those that are present in a known cancer-driving 

protein (criteria that are suggestive of a cancer driving function). We will further prioritize proteins 

that have been therapeutically inaccessible to date, such as clinically relevant tumor suppressors 

including PTEN in order to maximize the potential biological and clinical impact of our efforts. 

In preliminary studies, we used our new approach to mine publically available cancer genome data 

to generate a list of potentially druggable cancer variants consisting of 1000 somatic point 

mutations across >10,000 human tumors and all tumor types (via The Cancer Genome Atlas - 

TCGA - datasets and cBIO portal). These cancer variants include many recurrent mutations in 

proteins of known function as well as variants of unknown significance both in proteins of known 
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function and proteins whose functions are poorly characterized. Critically, we identified many 

variants present in tumor suppressors with broad relevance in many tumor types, including PTEN. 

PTEN is a particularly illustrative candidate nominated by our analysis. This is because, although 

functional inactivation of PTEN contributes to oncogenesis in a wide spectrum of human cancers, 

PTEN has been considered an undruggable target.29,30 This notion is based on the fact that anti-

cancer therapeutic modulation of PTEN would require a function-restoring drug and that 

significant toxicity may result from the systemic enhancement of wild type PTEN function and 

consequent growth suppressive effects in non-cancer cells. Yet, our approach reprioritizes the 

PTEN mutant R130G, the most frequent recurrent somatic variant of PTEN present in human 

cancers, for functional and structural studies to enable mutant-specific therapeutic modulation 

selectively in cancer cells Figure 4.3. We found that the PTEN R130G variant is present in 

approximately 3% of all human tumors that lack another rational therapeutic target and are 

particularly aggressive malignancies, including many endometrial carcinomas (~36%), gliomas 

(~14%), melanomas (~10%), prostate adenocarcinomas (~10%), and non-small cell lung cancers 

(~2.5%). Thus, this singular PTEN mutant variant (PTEN R130G) is present in over 100,000 cancer 

patients. This preliminary analysis demonstrates the enormous potential of our unbiased re-

prioritization of cancer targets to iteratively and substantially expand the target landscape that 

could be leveraged to broadly deploy targeted therapies in cancer patients who currently are 

without genetically-based therapeutic options. 

Part B - Discovery of mutations that convert cancer variants and undruggable proteins into 

druggable targets by inducing new cryptic binding pockets The vast majority of the mutations 

identified by our bioinformatics analysis (Part A) will occur in proteins without currently available 

small molecules that can therapeutically modulate their function. The goal of this project 

component is to determine how recurrent mutations in these undruggable proteins can influence 

the propensity to form small molecule binding pockets. Our underlying hypothesis is that 

thermodynamically destabilizing cancer mutations will induce “cryptic” binding pockets that are 

not significantly populated by the wild type protein.2 One benefit of discovering pockets that are 

only present in the mutant, but not wild type protein, is the potential to increase the specificity of 

small molecules modulation. More intriguingly, molecules that interact, at least in part, with such 

pockets could rescue the function of the protein, converting a target from undruggable to 

druggable.19,31 For example, in the recurrent R130G PTEN mutation the loss of the arginine side 

chain opens access to a hydrophobic pocket adjacent to the active site Figure 4.3. This mutation 
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likely destabilizes the precise conformations required for catalysis and coordinating the scissile 

phosphate, which presents an immediate hypothesis for chemical rescue of the disabled mutant 

PTEN. 

To identify mutations with the potential to create ligand binding pockets on a broad scale, we will 

create a structural bioinformatics pipeline that incorporates mutational data into our recently 

developed prediction tool CryptoSite.2 CryptoSite analyzes sequence, structure, and dynamics 

using crystal structures or homology models and molecular dynamics simulations on simplified 

energy landscapes. Currently, CryptoSite predicts cryptic sites, which are ligand-binding sites that 

are not populated in the ground state of the protein but are energetically accessible and large 

enough to bind ligands. This novel approach uses machine learning to predict cryptic sites and 

performs with relatively high accuracy (for our benchmark, the true positive and false positive rates 

are 73% and 29%, respectively). Importantly, cryptic sites are predicted in many proteins that are 

currently considered undruggable. The key innovation here is to identify cryptic sites that are 

specifically induced by recurrent cancer mutations. We will modify the code to incorporate 

mutations, post-translational modifications, and novel metrics of electron density flexibility that 

we have recently shown increase the potential of virtual screening for identifying novel 

compounds33 at pockets that can be mapped using tools such as FTMap.32 Our analysis will 

prioritize the recurrent cancer variants uncovered through the bioinformatics analysis (Part A) for 

functional characterization (Part C) based on the potential for mutant-specific binding pockets. We 

will follow these predictions with cell-based screens and with in vitro biochemistry of candidate 

molecules identified by virtual screening (Part D). These studies will identify molecules with the 

potential to modulate the thermodynamics and function of important, but presently undruggable, 

proteins that are commonly mutated in cancer (e.g., PTEN R130G). 

Part C - Systematic biological and functional annotation of cancer variants using cutting-edge 

CRISPR/CAS9 genetic perturbation in relevant human cancer models In parallel to the 

computational approaches to discover mutant specific druggable opportunities, we will perform 

systematic experiments to determine the mutations with the most significant biological effects. 

Here, the key innovation is the use of CRISPR/CAS9 genetic perturbation technology33,34 to define 

the biological effects and function of specific cancer variants of interest in appropriate human 

cancer model systems. The precise biological effects of many of cancer variants present in tumors 

and identified in our preliminary studies (e.g., PTEN R130G) on key cellular phenotypes, such as 
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intracellular signaling, proliferation, growth and survival are incompletely characterized. 

Furthermore, knowledge of the effects of many well-studied cancer mutations has arisen largely 

from genetic overexpression or knockdown studies or pharmacologic perturbation using drugs that 

are not selective for the cancer mutation but rather target the protein of interest. These standard 

approaches can provide some insight but, in many cases, may not faithfully reproduce the genetic 

context or biological effects of the specific cancer mutant (e.g., they to not allow for the study of 

mutant homozygosity versus heterozygosity or accurate gene ploidy or for the elucidation of 

unanticipated non-enzymatic functions of the variant in question). Hence, it is clear that the effects 

of a particular cancer variant may not be equivalent to surrogate non-specific genetic or 

pharmacologic modulation of the relevant protein in which the mutation resides. Therefore, 

conventional approaches to investigate the effects of specific cancer variants may generate 

incomplete, misleading, or inaccurate information. Moreover, our structural and pharmacologic 

strategy to target cancer variants is based on a deep knowledge of mutation-specific effects on the 

functional properties of the protein of interest. Hence, we have devised an alternative approach 

that differs from the standard and even contemporary approach to cancer mutation functional 

annotation and that capitalizes on emerging technology and deep domain expertise present in our 

collaborative team. 

We will use the CRISPR/CAS9 system for genome editing and functional dissection of the cancer 

mutants prioritized for study in Part A, in parallel with our studies of these variants in Part B. We 

will genetically introduce the top prioritized cancer mutants and functionally define their effects 

using orthogonally informative, complementary human cellular models that will include: i) patient-

derived cancer cell lines matched to the particular tumor type(s) in which the mutation is present 

but that do not endogenously harbor the somatic variant of interest; ii) a genetically controlled 

system consisting of tissue-matched non-cancerous cells that are immortalized but do not harbor 

the somatic variant of interest; iii) in each cell line system, massively parallel intragenic suppressor 

screens to restore proper protein function. Furthermore, we will use patient-derived cancer cells 

that harbor the variant of interest, where available commercially or through our active and 

successful IRB-approved tumor biopsy program for patient-derived xenograft models (and ex vivo 

derived cell cultures),35 to study the effects of reverting the mutant to wild type using 

CRISPR/CAS9 genetic editing. We will ensure robust functional characterization of each cancer 

variant by creating at least two cellular models from each class above (therefore using at least six 

distinct cellular models for the functional study of each variant). Figure 4.4 shows this experimental 
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paradigm using the PTEN R130G mutant as an illustrative case. We have established the 

CRISPR/CAS9 system in our laboratory in collaboration with genome-editing pioneer Jonathan 

Weissman (HHMI/UCSF).33,36,37 This powerful system allows us to introduce and select for 

individual (or multiple) cancer variants in cells to recapitulate the zygosity or copy number present 

in the tumor. We will define the effects of each cancer variant on cell signaling, proliferation, 

growth, survival, cellular transformation, and tumor growth in immunocompromised mice (tumor 

xenograft studies) using our established approaches and the unedited isogenic cellular model for a 

baseline control.38-43 The analysis of signaling parameters will consist of both candidate-based 

approaches (e.g., examining cell cycle profiles or signaling via the canonical RAF-MEK-ERK or 

PI3K-AKT pathways) and unbiased approaches (e.g., using high-throughput transcriptome deep 

sequencing or phosphoprotein arrays to delineate unanticipated mutant-specific biological effects 

and programs), as we have done previously to characterize putative functions of cancer targets of 

interest.38-43 In preliminary studies, we have engineered the PTEN R130G into human bronchial 

epithelial cells, resulting in homozygous incorporation (mirroring the human tumor specimen 

findings) and increased levels of phosphorylated AKT as expected for a loss-of-function PTEN 

mutation. Once established by the CRISPR/CAS9 system, we will validate the phenotypic and 

biological effects of individual variants using conventional genetic over-expression or knockdown 

studies (cDNA over-expression or siRNA/shRNA knockdown) and also CRISPR/dCAS9 

endogenous gene activation and inhibition methods recently developed by the Weissman group 

(CRISPRa/i),44,45 as appropriate for each variant based on the biological results of the genome 

editing experiments. To probe the hypothesis that mutant-induced conformational defects can be 

corrected and validate our mutant pocket drug-targeting strategy, we will also screen for “second 

site suppressor mutations” using CRISPR mutagenesis approaches. The connection between 

suppressor mutation and small molecule rescue is well established for systems such as CFTR, 

where suppressor mutations de-risked drug discovery efforts.46 For mutations with a screenable 

phenotype (e.g., FACS-based sorting of reporter gene activation), we will use CRISPR 

mutagenesis47 targeting of the mutant gene to identify suppressor mutations that reverse the 

phenotype. Collectively, these studies will allow us to establish the full spectrum of biological 

effects of each cancer variant, whether activating or inactivating, in an appropriate genetic and 

tissue context and confirm the probability of success for achieving mutant specific drug modulation 

of each cancer mutant protein studied.  
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Figure 4.4 Functional annotation of the biological and phenotypic effects of specific cancer variants 
identified and prioritized in Part A and B. A) Creation of PTEN R130G isogenic cellular systems. B) Phenotypic 
and biological characterization of the PTEN R130G variant in the models generated in (A). PTEN R130G is shown for 
illustrative purposes, as we envision this as a next-generation scalable platform for high fidelity cancer variant 
functional characterization.  
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Figure 4.5 Iterative discovery and testing of mutant-specific small molecule modulators of cancer variant 
function to suppress cancer cell viability and growth. A,B) Pharmacologic screen design and initial validation to 
complete cellular and biological characterization of the drug hits identified. We will iterate based on the hits that are 
identified and validated. Targeting PTEN R130G is shown for illustrative purposes, as we envision this as a next-
generation scalable platform for high fidelity cancer variant functional characterization of not only this common 
PTEN mutant but also other common, currently undruggable cancer mutants. C,D) Virtual screening of promising 
mutant specific pockets (shown here in red) will identify candidate molecules. These molecules will be tested with 
enzyme assays, where available, and thermal shift assays.  
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Critically, our findings here will inform the characterization and therapeutic exploitation of the 

mutation-specific conformational effects of these variants, as described below. We expect to 

conduct comprehensive functional studies on up to 48 cancer variants prioritized and studied in 

Parts A, B over the duration of the project (~9-10 variants/year over 5 years), ensuring feasibility of 

completing the work during the funding period. 

Part D - Identification of pharmacologic modulators to perturb cancer variant function to 

selectively suppress growth and survival of tumors that harbor the targeted variant To identify 

small molecule modulators of presently undruggable cancer targets, we will employ two 

complementary strategies. Both approaches exploit the potential for mutations to introduce new 

cryptic sites for small molecule binding. In the first strategy, the key innovation is the use of cellular 

models containing the mutations of interest that are generated in Part C to screen for small 

molecules that show therapeutic effects, including decreased cell proliferation, growth, and 

survival, and induction of the relevant signaling pathway changes Figure 4.5. Although the cell-based 

nature of this screen does not necessitate direct action on the mutated target, the prioritization of 

pocket-containing targets gives multiple paths to success by either direct or indirect modulation of 

the deleterious phenotypes. In the second strategy, we will focus directly on the cryptic pockets by 

predicting and testing candidate molecules. This combination of cell- and target-based methods 

will increase our success of identifying small molecule modulators of phenotypes caused by 

recurrent mutations in cancer from the >100,000 molecules in the UCSF SMDC diversity (drug 

screening) library. 

For the cell-based approach, we will use the isogenic cell line without the cancer variant as a 

negative control. The primary goal will be to identify small molecule agents that significantly 

suppress the growth of the cell line with the mutant protein but do not impact the growth of the cell 

line with the native form of the protein. Small molecules meeting these criteria will then be tested 

in independent validation studies that include: 1) re-testing in the original isogenic pair of cell lines 

and 2) testing in three additional isogenic pairs of cell lines (Part C). Hits that score positively in 

these validation studies will be prioritized for further detailed analysis to determine the mechanism 

of cell growth suppression in the sensitive, mutant expressing cell line models. For example, we will 

determine whether the drug hit induces cell cycle arrest or apoptosis as assessed by standard 

molecular biomarker studies including cell cycle profiling, immunoblot analysis to measure cell 

cycle checkpoint proteins such as p21, p27, and apoptotic markers including cleaved Parp or 
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caspases 3, 7, 8, as we have done previously.38-43 We hypothesize that the pockets prioritized in Part 

B will provide a likely target for these molecules and we will examine the effects of drug treatment 

on cellular signaling biomarkers relevant to the pathway of interest. For example, for a drug 

targeting PTEN R130G we will measure the levels of total and phosphorylated forms of signaling 

proteins in the PI3K and AKT pathway (e.g., phospho-AKT and total AKT levels by immunoblot) 

and expect that a ‘corrector’ small molecule targeting PTEN R130G will decrease PI3K-AKT 

signaling (e.g., indicated by decreased phospho-AKT). The isogenic cell lines expressing the native 

form of the target (e.g., wild type PTEN) will be used as negative controls in these cellular and 

signaling experiments. These studies will be conducted initially in vitro and then in vivo (tumor 

xenografts) where appropriate (e.g., upon demonstration of positive in vitro effects and the 

suitability and sufficiency of drug for in vivo dosing in mice), using our established approaches to 

measure both the cellular and biological effects as outlined in Part C. We expect to conduct initial 

screening studies on the ten most promising specific cancer variants prioritized and functionally 

characterized in Parts A-C (~two per year) to ensure the feasibility of completing the proposed work 

during the funding period. 

To complement the cell-based screen, we will take a parallel target-centric approach. The output of 

our CryptoSite predictions is a series of potential small molecule binding pockets that are formed in 

the mutant, but not wild type protein. We will perform a virtual screen of all purchasable 

compounds in the ZINC database against each of these modeled binding pockets using methods 

established in the Sali lab.48 We anticipate that this process will identify promising molecules for 

potentially thousands of new cryptic sites, which will be carefully manually curated. There is 

precedence for a small molecule rescue of protein folding in the recent work on p53.49 Based on 

previously published protein expression protocols used for determination of X-ray crystal 

structures, we will express and purify the minimal functional units of the mutant and wild type 

proteins and purchase a small set (10-100) of candidate compounds. While the specific targets will 

dictate the potential for enzymatic or protein-protein interaction assays, the expertise in the UCSF 

SMDC for generally applicable thermal shift assays will allow us to test the idea that the molecules 

tested will compensate for thermodynamic defects of the protein. We will be opportunistic to 

employ structure-based drug design approaches by crystallizing the mutant proteins complexed 

with lead ligands and take advantage of recent advances by our groups in exploiting protein 

flexibility in design.50 A major advantage is the synergy between the two approaches: we will use the 

cell-based assays to test the cellular potency of the molecules identified in in vitro studies and we 
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will use the target-based assays to determine whether the molecules identified in the cell-based 

screens are active due to direct modulation of their intended targets. 

To summarize, the payoff of these studies will be an improved understanding, at the basic level, of 

the effects and functions of the genetic alterations present in human cancers and, at the 

translational level, a new model to design more effective therapies against any cancer driving 

mutant and match these drugs with appropriate patient populations to improve human health.  
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Spotlight on PTEN R130G 

PTEN, or phosphatase and tensin homolog, is a 403 residue, dual-specificity phosphatase that can 

dephosphorylate both polypeptides and phosphoinositide substrates.51 It is a known tumor 

suppressor by acting on phosphatidylinositol (3,4,5)-trisphosphate [PtdIns(3,4,5)P3], a potent 

secondary messenger that binds pleckstrin-homology (PH) domains of AKT family of kinases and 

PDK1. Deregulation of PtdIns(3,4,5)P3, due to the loss of proper PTEN function activates the PI 3-

kinase pathway, leading to oncogenesis.30 Germline PTEN mutations have been found in Cowden 

syndrome, Bannayan-Riley-Ruvalcaba, Proteus, and Proteus-like syndrome patients.52 Somatic 

PTEN mutations play a major role in the pathogenesis of almost every cancer type examined.53 In 

fact, the frequency of PTEN mutations in tumors is high, rivaling only that of p53.54  

As mentioned in Chapter 4.1, we found that the PTEN R130G variant is prevalent, present in 

approximately 3% of all human tumors that lack another rational therapeutic target and are 

particularly aggressive malignancies, including many endometrial carcinomas (~36%), gliomas 

(~14%), melanomas (~10%), prostate adenocarcinomas (~10%), and non-small cell lung cancers 

(~2.5%). Thus, this singular PTEN mutant variant (PTEN R130G) is present in over 100,000 cancer 

patients. 

With many of the alterations in tumors in genes other than kinases, mutations often inactivate 

rather than activate the function of the relevant protein.15 Functional phosphoinositol phosphatase 

activity assays have shown that the R130G mutation is inactivating.55 In line with the broad aims of 

this project, mainly, to tap into the large portion of the unexploited cancer targets that are 

inactivating variants and have been thought to be less amenable to direct pharmacologic 

modulation and considered undruggable,6 we will strive to find mutant-selective activator 

molecules to rescue the proper PTEN function. The success of small molecules that “re-activate” 

inactivated proteins in other genetic-based diseases provides a potential path forward. As 

mentioned in Chapter 4.1, one such example is ivacaftor, a mutant-selective CFTR G551D 

potentiator that restores the function of the mutant CFTR in cystic fibrosis patients.16,17 The 

success of ivacaftor offers a proof of concept of the biological and clinical utility of pharmacologic 

restoration of disease-driving mutant proteins. Our strategy for restoring PTEN function in the 

R130G mutant consists of in silico screening for small molecules capable of specifically binding into 

the mutant active site, which would then help restore proper substrate binding. 
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Methods 

Comparative structure modeling of PTEN R130G We created comparative protein structure 

models of PTEN R130G with MODELLER 9.17 (San Francisco, CA, USA),56 using the co-crystal 

structure of PTEN with L(+)-tartrate (PDB ID 1D5R) as a template. Sequence alignment was 

computed with PROMALS3D.57 The L(+)-tartrate ligand was copied from the template structure 

into the models as a rigid body, using the BLK residue type in MODELLER. One hundred models 

were generated, using the automodel class with default settings. The models were evaluated using 

the protein orientation-dependent statistically optimized atomic potential (SOAP-Protein) score.58 

The top-scoring model was used for analysis. 

Virtual screening Docking was performed using the UCSF DOCK infrastructure set up by the 

Shoichet laboratory. The top scoring R130G model was used for the prediction of putative binding 

sites with FTMap web server.32 The only predicted binding site cavity was then used for sphere and 

grid setup within DOCK 3.7.59 L(+)-tartrate molecule was treated as a coenzyme. Because it is a 

nonstandard residue type that is undefined within DOCK, the assignment of partial charge 

distribution was performed with PRODRG.60 As a preliminary screen, a library of 42 million small 

molecules of molecular weight 200-300 Da (standard reactivity, wait OK purchasibility) was 

selected from ZINC 15.61 

Results 

PTEN is composed of 2 domains. The 179-residue N-terminal phosphatase domain performs the 

catalysis function, while the 166-residue C-terminal C2 domain participates in the recruitment of 

signaling proteins.51 The signature, PTEN-specific motif HCKAGKGR forms one side of the binding 

cavity and contains C124, which is the catalytic residue. R130 is critical for the capture and 

positioning of the ligands, as indicated by the four hydrogen bonds that it makes in the crystal 

structure with the L(+)-tartrate molecule, a PTEN inhibitor (PDB ID 1D5R) (Figure 4.6A).  

As seen in the R130G model, the mutation eliminates key interactions stabilizing the ligand within 

the active site, and creates access to a large, hydrophobic cavity adjacent to it (Figure 4.6). While the 

PTEN active site is already considered to be larger than those of other phosphatases (e.g., VHR, 
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PTP1B) to accommodate phosphoinositide substrate,51 the total cavity created by the addition of the 

adjacent pocket is further enlarged by 268 Å3.62  



 268 

 

Figure 4.6 Cartoon and surface representations of the PTEN WT and R130G active sites. A) Close-up of the 
PTEN active site showing the hydrogen bond network (shown in yellow dashed lines) formed between L(+)-tartrate 
(shown in marine), a PTEN inhibitor, and the active site residues (PDB ID 1D5R). The HCXXGXXR motif present in 
protein tyrosine phosphatases spans residues 123-130. B) Surface representation of the active site in the WT 
protein. C) Surface representation of the active site in the R130G mutant. The lack of the arginine side chain 
eliminates critical interactions stabilizing the ligand within the active site and creates access to a hydrophobic 
pocket adjacent to the active site. D) Cross-sectional view of the large R130G pocket created by the absence of the 
R130 side chain. Also shown is an overlay of the R130 side chain and the pα4 helix in the WT structure.  



 269 

Our strategy for restoring PTEN function in the R130G mutant consists of in silico screening for 

small molecules capable of binding into the newly accessible hydrophobic pocket next to the active 

site. Such binding would likely prevent substrates from accessing that pocket by reconstituting an 

active site of similar volume as the wild type, while also providing polar groups necessary for proper 

ligand capture, orientation, and stabilization within the active site. 

We screened a ZINC subset library of 42 million small molecules of molecular weight 200-300 Da. 

Based on the hits, we further explored the chemical space surrounding ZINC000001939756, 

ZINC000002016764, ZINC000002566399, ZINC000004658576, and ZINC000108280248 (Figure 

4.7). In total, 12 compounds were purchased. In close collaboration with the Bivona and Fraser 

laboratories, we are actively working to express and purify both the PTEN wild type and the PTEN 

R130G mutant for functional validation of these compounds. In parallel, we plan to crystallize both 

isoforms with and without the compounds. Early expression studies have made us optimistic as to 

the feasibility of the study but a significant amount of work remains to be done on all fronts.  
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Figure 4.7 Compounds selected from an in silico screen for experimental validation.  
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