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ACADEMIC ABSTRACT 

 
 

 Kinases are involved in a multitude of signaling pathways, such as cellular growth, 

proliferation, and apoptosis, and have been discovered to be important in numerous 

diseases including cancer, Alzheimer’s disease, cardiovascular health, rheumatoid arthritis, 

and fibrosis. Due to the involvement in a wide variety of disease types, kinases have been 

studied for exploitation and use as targets for therapeutics. There are many limitations with 

developing kinase target therapeutics due to the high similarity of kinase active site 

composition, making the utilization of new techniques to determine kinase exploitability 

for therapeutic design with high specificity essential for the advancement of novel drug 

strategies. In silico approaches have become increasingly prevalent for providing useful 

insight into protein structure-function relationships, offering new information to 

researchers about drug discovery strategies. This work utilizes streamlined computational 

techniques on an atomistic level to aid in the identification of orthologue and isoform 

exploitability, identifying new features to be utilized for future inhibitor design. By 

exploring two separate kinases and kinase targeting domains, we found that orthologues 

and isoforms contain distinct features, likely responsible for their biological roles, which 

can be utilized and exploited for selective drug development. In this work, we identified 

new exploitable features between kinase orthologues for treatment in Human African 

Trypanosomiasis and structural morphology differences between two kinase isoforms that 

can potentially be exploited for cancer therapeutic design.
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GENERAL AUDIENCE ABSTRACT 

 
 
 Numerous diseases such as cancer, Alzheimer’s disease, cardiovascular disease, 

rheumatoid arthritis, and fibrosis have been attributed to different cell growth and survival 

pathways. Many of these pathways are controlled by a class of enzymes called kinases. 

Kinases are involved in almost every metabolic pathway in human cells and can act as 

molecular switches to turn on and off disease progression. Due to the involvement of these 

kinases’ in a wide variety of disease types, kinases have been continually studied for the 

development of new drugs. Developing effective drugs for kinases requires an extensive 

understanding of the structural characteristics due to the high structural similarity across 

all kinases. In silico, or computational, techniques are useful strategies for drug 

development practices, offering new information into protein structure-function 

relationships, which in turn can be utilized in drug discovery advancements. Utilizing 

computational methods to explore structural features can help identify specific protein 

structural features, thus providing new strategies for protein specific inhibitor design. In 

this work, we identified new exploitable features between kinase orthologues for treatment 

in Human African Trypanosomiasis and structural morphology differences between two 

kinase isoforms that can potentially be exploited for cancer therapeutic design.  
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CHAPTER 1: INTRODUCTION TO KINASES AS DRUG TARGETS 
AND CURRENT RESEARCH IN DRUG DESIGN 

 
1.1 Kinase Functions 

Phosphorylated biomolecules 

play an important role in cellular 

signaling and are involved in nearly all 

cell signaling pathways in eukaryotic 

organisms.1, 2 Phosphorylation is defined 

as a high energy exchange involving the 

transfer of a phosphate group. This 

covalent transfer of a phosphate group is 

typically facilitated by two enzyme classes: kinases and phosphatases. Kinases 

phosphorylate while phosphatases dephosphorylate biomolecules, working synergistically 

together to sustain signaling homeostasis (Figure 1).1, 2  Regarding protein structure and 

function, phosphorylation is one of the most common post-translational modifications 

(PTM) and is involved in a wide variety of signaling cascades, which in turn can alter a 

protein’s enzymatic activity by influencing folding and binding – giving this mechanism a 

high level of control over biological processes.3-5 

The event of phosphorylation, as catalytically facilitated by kinases in many cases, 

is implicated in many different proliferative and apoptotic pathways. Cellular proliferation 

is generally dictated by transcriptional regulation of DNA replication.6 Diverse signaling 

cascades are involved in proliferation pathways, including G1 cyclins controlled by 

mitogenic signals,6 G1 cyclin-dependent kinase inhibitors,6 and even sphingolipid 

Figure 1. Phosphorylation is reversable. Basic 
schematic of protein phosphorylation via kinases.  
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metabolism. Restriction of Cell Div. transitioning from G1 phase to S phase is the basis of 

apoptotic pathways, leading the cell to an imminent death.7 Apoptosis plays an important 

role in regular cell function as it controls cellular growth and development, as well as 

keeping a homeostatic level of cellular growth.8 Proliferation and apoptosis are 

mechanistically synonymous in many cases, with inhibition of one essential piece of a 

proliferative pathway leading to apoptosis. Collectively, tight control of cellular growth 

and development is dependent on the function of the components within those signaling 

pathways – many of which are kinase enzymes. 

Kinases are a class of eukaryotic enzymes involved in a diverse number of cellular 

functions. Humans have over 500 kinases1 essential in cellular functions such as metabolic 

regulation, cell proliferation, and autophagy, and kinases are broken into nine broad groups 

with over 134 different families.1 Many kinases are also involved in disease progression 

due to their involvement in proliferation and apoptotic pathways.9 Kinases phosphorylate 

other proteins, small molecules, and even themselves to regulate many cellular processes 

causing downstream regulatory effects.10 Every kinase performs effectively the same 

chemistry – cleaving the γ-phosphate from ATP,11 or another phosphate group of other 

high-energy molecules such as GTP,12 with a hydroxyl group of another molecular 

structure,12, 13 such as a of serine, threonine, or tyrosine residues on protein structures. 

Kinases act as molecular switches14 and can adopt specific structural morphologies to 

regulate their active and inactive states.15  
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Given similar chemical 

properties and structural similarities, 

kinases contain several specific 

characteristics that are conserved 

(Figure 2).16 Catalytically active 

kinases are typically classified by their 

ability to phosphorylate other 

molecules and contain three largely 

conserved motifs: VAIK, HRD, and 

DFG.1, 17 The VAIK motif contains a 

lysine that is required to interact with 

the γ-phosphate group on ATP and 

facilitate charge stability during phosphate cleavage.11 In some cases, this lysine is replaced 

with an arginine, which can perform the same function.11 The HRD motif contains a 

catalytic aspartate, while the DFG motif contains the essential cation-binding aspartate.17 

While there will be some cases of variations in these motifs, the majority are highly 

conserved in these domains and the two aspartates along with either a lysine or an arginine 

are essential for performing the chemistry for phosphate cleavage.16 Kinases also embody 

specific regions, containing two distinct lobes, N-terminal and C-terminal, being linked by 

a hinge and linker region, a glycine-rich loop (GxGxxG motif),18 and an alpha-C helix.19 

The hinge and linker region sit between the two lobes and offers hydrogen bonds to the 

adenine moiety of ATP, enhancing small molecule binding.19 The glycine-rich loop has 

been determined to be essential in kinase activity, providing a region rich in hydrogen 

Figure 2. Kinases contain highly conserved domains 
required for phosphorylation to occur.  
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bonds to interact with ATP.18 Lastly, the alpha-C helix is important in overall structural 

stabilization and responsible for activation of the protein, with a lysine located on the N-

terminal lobe forming a salt bridge with a glutamate residue located on the alpha-C helix.19 

These features are essential to allow for the phosphorylation activity and to be classified as 

a kinase,1, 17 however, distinct kinases contain other structural characteristics control the 

functionality and specificity. 

There are many different types of kinases ranging from autophosphorylating 

protein-kinases to small molecule phosphorylating kinases. In this work, we discuss the 

importance of an autophosphorylating kinase, the Extracellular Signal Regulating Kinase 

8 (ERK8), and lipid phosphorylating kinases, Sphingosine Kinases (SKs). Both these 

kinase enzymes have been studied in the lens of enhancing drug discovery and have been 

implicated in a variety of diseases.  

1.2 Kinases in Disease and as Drug Targets 

 

Figure 3. Kinases play a role in a variety of different disease progression pathways. Schematic of a portion of 
diseases being investigated currently in kinase drug discovery.  
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Since kinases play an important role in proliferation and apoptotic pathways, 

malfunction of these proteins can also lead to disease (Figure 3).10, 20 The malfunction of 

these proteins, produced by genetic alterations,9 creates dysregulation and abnormalities in 

kinase signaling pathways, leading to evasion of apoptotic pathways, generating various 

types of cancers.21 According to the American Cancer Society, it is expected that over 

600,000 Americans will die of some form of cancer in 2020.22  

Due to the roles that kinases have in cell survival, proliferation, and programmed 

cell death,10 these enzymes have been extensively explored for drug discovery.20 The first 

kinase inhibitor approved by the FDA was imatinib for treating Philadelphia chromosome 

positive chronic myeloid leukemia in 2001,23, 24 sparking the drive for additional kinase 

inhibitor drug design.25 Some diseases currently being treated with FDA-approved kinase 

inhibitors include leukemia (imatinib,26 nilotinib,27 and dasatinib28), non-small cell lung 

cancer (gefitinib,29 crizotinib,30 and erlotinib31), hepatocellular and advanced rental cell 

carcinoma (sorafenib,32 pazopanib,33 and sunitinib 34), and metastatic breast cancer 

(lapatinib35).36 Many anti-cancer chemotherapeutic techniques on the market target 

kinases36 and are still being heavily explored for new therapeutic approaches.  

Kinase inhibition is not only used for cancer therapy, but other diseases such as 

rheumatoid arthritis (tofacitinib,37 and baricitinib,38 and upadacitinib39), fibrosis 

(ruxolitinib,40 fedratinib,41 and nintedanib42), glaucoma (netarsudil43), and ulcerative colitis 

(tofacitinib44).25 The exploration of using kinases in drug discovery outside of cancer is 

continuously growing, including for neuropathy and heart disease.36 While there are not 

currently any approved kinase inhibitors for bacterial and parasitic diseases, they are 

gaining traction for drug development research.45-48 
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There are seven different types of kinase inhibitors based on binding patterns. Type 

I kinase inhibitors bind in or near the adenine binding domain, at the glycine loop and the 

hinge region, and interact with the active structure. Type I inhibitors are considered ATP-

competitive as they are frequently designed to imitate ATP interactions.25, 49 Type II 

inhibitors interact with the inactive structure at the DFG region, relying on the abundance 

of heterogeneity of inactive kinase configurations.50 From type I and type II inhibitors 

emerged the Type I½ class, which binds similar to type I and type II, interacting with the 

adenine binding domain in the inactive structure.51, 52 Type III and IV are both non-

competitive to ATP,25, 49, 51 where type III inhibitors bind close to but outside of the adenine 

binding domain while type IV bind entirely outside of the active site.25 Type III and type 

IV inhibitors are considered to have the highest affinity for their target out of the types of 

kinase inhibitors since each are binding to a region that is more specific to the distinctive 

kinase structure.49 Type V are another class of covalent inhibitors that bind in two distinct 

regions with the enzyme, combining features of inhibitor types described previously by 

linking them covalently, otherwise known as “bisubstrate” or “bivalent” inhibitors.25, 53  

Type VI, also known as covalent inhibitors, bind outside of the two lobes and form an 

irreversible covalent bond, permanently blocking ATP binding.25, 49 When it comes to 

pharmaceutical development, the most common inhibitor type are in the type I category 

accounting for over 40% of FDA approved Kinase drugs.36  

In this work, we discuss targeting the autophosphorylating kinase, ERK8, and the 

group of lipid phosphorylating kinases, SphK. Targeting autophosphorylating kinases has 

a vast amount of limitations due to the high similarity in the ATP binding regions of 

kinases. Development of ATP-competitive inhibitors with high specificity is essential in 
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the drug discovery for these types of kinases.54 While a difficult task, it is not uncommon 

to develop a therapeutic that is ATP-competitive, as previously discussed. Currently, most 

kinase therapeutics on the market are ATP-competitive or type I inhibitors, many of which 

target the class of tyrosine kinases, which are also autophosphorylating kinases.54 This 

indicates promise in that the development of an ATP-competitive or type I inhibitor could 

be developed with enough specificity for therapeutic usages.  

In contrast, development of drugs that are allosteric inhibitors, such as those that 

are being explored for SphK for cancer research, are advantageous due to their binding 

region being outside of the ATP-binding domain. These regions tend to have more 

distinctive characteristics, allowing for higher specificity for drug development. While 

seemingly less difficult, currently there are only two FDA approved type III kinase 

inhibitors.  

This work focuses on utilizing computational strategies to study kinase 

druggability. Molecular docking can provide useful understanding in protein-ligand 

interactions to guide drug development into inhibitor design for isoform or orthologue 

specificity. Molecular dynamics (MD) simulations utilizes protein dynamics to understand 

biological questions, such as better understanding ligand binding on structural morphology. 

Together, this work provides deeper insight into orthologue and isoform specific binding 

patterns using computational strategies, offering useful information into novel therapeutic 

design by utilizing computational approaches. 

1.3 Protein Phosphorylation and Autophosphorylating Kinases 
 

Post-translational modifications (PTMs) are important in protein modulation and 

cellular functions such as localization, activation, and enzymatic activity.55 Protein 
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phosphorylation is the most common PTM and allows for enzymatic control and signaling 

modulation.56, 57 Protein phosphorylation is completely reversible and acts as a molecular 

switch, activating or deactivating enzymatic activity of a protein,56 which is controlled by 

protein kinases and phosphatases.56 Many kinases also require phosphorylation for protein 

activation, which in many cases can be controlled through autophosphorylation. 

Autophosphorylating kinases (AKs) have the ability to phosphorylate and control 

their own enzymatic activity. AKs contain an activation loop that undergoes 

conformational changes once phosphorylated, auto-activating the structure by causing 

conformational changes, leading to subsequent downstream effects.58 The phosphorylation 

of this activation loop can happen mechanistically in a multitude of ways – either through 

cis- or trans-autophosphorylation.58 Cis-AKs, of self AKs, phosphorylate their own 

activation loop, being both the enzyme and the substrate. Trans-autophosphorylation 

occurs between two or more copies of a kinase protein, where one acts as an activating 

protein (enzyme) and phosphorylates the subsequent inactive protein (substrate).58 The 

regulation of these mechanisms is still poorly understood and requires further exploration 

at the structural and biochemical level in order to understand more in the complexity of 

pathways.  

An example of an AK is the Extracellular Signal Regulated Kinase 8 (ERK8), a 

mitogen activated Kinase and a cis-autophosphorylator. In humans, ERK8 is involved in 

the mitogen activated Kinases (MAPK) signaling system, a massive system of pathways 

involved in signal transduction that has been highly characterized. This MAPK system 

involves a multitude of parallel signaling cascades and include a variety of kinases, totaling 

at least 60 different kinases,59 such as RAS, RAF, MEK, and ERK proteins. ERK8 is 
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frequently referred to as MAPK15 and most recently identified MAPK protein. 60, 61 ERK8 

is involved in a variety of cellular functions, ranging from cell proliferation, autophagy, 

and genomic stabilization, and exists in three isoforms due to splice variants.59 Control of 

ERK8 activation is a result of autophosphorylation and dephosphorylation by protein 

tyrosine phosphatase 1B (PTP1B), making it an atypical MAPK protein as it is the only 

MAPK protein to effectively autoactivate.62 ERK8 has been shown to play a critical role 

in autophagy and binds to proliferating cell nuclear antigen (PCNA),63, 64 thus having a role 

in the transmission of genetic information and stability.  

Due to the role ERK8 has in autophagy and genetic stabilization, it has been 

explored in a wide variety of therapeutic design. While ERK8 has been studied in humans 

for diseases such as cancer, it is also being explored as a drug target for treating parasitic 

diseases such as Human African Trypanosomiasis (HAT) caused by Trypanosoma brucei. 

While ERK8 seems to be a promising target for drug discovery, one difficulty with ATP 

competitive drugs is the high similarity in the ATP binding domain. This work aims to 

investigate the binding differences in the human ERK8 and T. brucei ERK8 to identified 

residue differences to be exploited for HAT drug discovery purposes.  

1.4 Small Molecule Phosphorylating Kinases in Lipid Phosphorylation 

Many kinases play an important role in regulation of signaling molecules. Outside 

of protein phosphorylation, kinases can also phosphorylate carbohydrates and lipids. The 

most recognized carbohydrate phosphorylating kinases are those involved in glycolysis, 

such as hexokinase65 and phosphofructokinase.66 Lipids are highly complex and important 

in many functions throughout biological systems. Phospholipids can be the product of 

Kinase phosphorylation, such as phosphatidylinositol (4,5)-bisphosphate and sphingosine-



 
 

10 
 

1-phosphate (S1P), two lipids important in cell signaling. Lipid signaling is involved in 

many pathways, including neurological signaling and can act as secondary signaling 

molecules by binding to GPCRs.67 

S1P is a bioactive phospholipid involved in the ceramide synthesis and salvage 

pathways and acts as signaling switch to direct cells to either survival and proliferation or 

programmed cell death.68 S1P has been connected to various downstream signaling 

networks, including PI3K-AKT pathway involved signal transduction and ERK pathways 

involved in cell proliferation and acts “inside-out” by autocrine or paracrine signaling 

several by interacting with different membrane receptors.68 Elevated levels of S1P have 

been associated to numerous types of diseases, ranging from cardiovascular disease to 

multiple cancer types, and researchers are investigating their sole producer, the 

Sphingosine Kinases (SphKs), as the targets to reduce cellular levels of S1P.68 

The class of SphKs consist of two members, SphK1 and SphK2, and differ by 

subcellular localization.68 SphK1 has been shown to be localized in the cytosol while 

SphK2 is localized to the mitochondria, endoplasmic reticulum, and nucleus.68 Studies 

have shown each isoform may perform opposite roles in cell fate, even though both perform 

the same phosphotransfer reaction producing S1P from sphingosine.69 SphK1 has been 

shown to promote cell proliferation and migration while SphK2 appears to hold anti-

proliferation patterns by inhibiting DNA replication. Researchers are developing isoform-

selective inhibitors due to the differing cellular functions for various diseases and the 

importance of each in drug development is still a topic being explored.69, 70                                                               

SphK1 is present in nearly all cell types and has shown to drive cell growth and 

proliferation, and has an indirect role in activating the PI3K-AKT pathway.68 Due to its 
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role in cell proliferation pathways, SphK1 has been well-studied and the target for 

pharmaceutical development.70 Circulatory fluids naturally contain high concentrations of 

S1P and most production occurs in erythrocytes.71, 72 Red blood cells have a high 

expression rate of SphK1 and overexpression in erythrocytes are involved in various blood 

diseases, such as sickle cell anemia73 and myeloid leukemia. SphK1 selective inhibitors 

have been aggressively explored for drug discovery, but thus far, none have been FDA-

approved.  

While SphK2 also phosphorylates sphingosine into S1P, it elicits different 

responses than SphK1 due to subcellular localization. In the nucleus, S1P inhibits histone 

deacetylase 1 and 2 (HDAC 1/2), enhancing gene expression of p21 and c-fos,70, 74 

increasing cell cycle arrest and expression of the proto-oncogene, FOS. In the endoplasmic 

reticulum, S1P is recycled back into ceramide through the salvage pathway, promoting 

apoptosis. In the mitochondria, S1P interacts with BAK, signaling a release of cytochrome 

c across the mitochondrial membrane, also facilitating apoptosis. SphK2 is the target of the 

drug fingolimod, also commonly referred to as FTY720, a prodrug metabolite that gets 

transformed by SphK2 into phospho-FTY720.70 Phospho-FTY720 interacts with the group 

of G-protein coupled receptors, the S1P receptors (S1PRs), acting as an agonist to 

downregulate S1PR activity.75 Downstream, the reduction of S1PR activity decreases the 

cellular levels of T helper protein 17, downregulating inflammatory and autoimmune 

conditions such as multiple sclerosis.76  

Both SphK1 and SphK2 are being heavily explored for therapeutic development 

and isoform-specific inhibitors are essential for disease treatment efficacy. SphK1 have 

shown to be the most promising of the two for cancer treatment development, while SphK2 
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still needs further exploration in its involvement in autoimmune and inflammatory 

conditions. This work aims to build a foundation of the biological understanding of SphK 

isoform protein dynamics using computational procedures which can in turn help the 

advancement of isoform selective inhibitors.  
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2.1 Abstract 

Human African Trypanosomiasis (HAT), commonly referred to as sleeping 

sickness, is a neglected, vector-borne disease caused by two parasite subspecies: 

Trypanosomiasis brucei gamiense and T. brucei rhodesiense. The sub-species, T. brucei 

rhodesiense, causes the acute form of HAT and can lead to death within a matter of months 

if left untreated. Current therapeutics cause severe side effects, even death, which 

demonstrates need for both insight into potential drug target mechanisms and novel 

therapeutic design. Extracellular-signal regulated kinase 8 (ERK8) is a member of the 

mitogen-activated Kinase (MAPK) family and has been discovered as an essential kinase 

for survival and proliferation of T. brucei and is only expressed in select human tissue cells. 

Exploiting potential binding cavity differences in the T. brucei and human orthologues of 

ERK8 is a route to new therapeutic design. In silico techniques were utilized to probe the 

ATP binding pocket of T. brucei ERK8 (TbERK8) against human ERK8 (HsERK8) and 

identify ATP-competitive inhibitor features as based on key differences in amino acid 

residues and chemical features between orthologues. Molecular docking of experimentally 

determined, orthologue-specific inhibitors revealed different modes of binding and a shift 

in position of residues, most notable at Leu19, Met95, and Ser141, within the active site 

between kinases. Moreover, the TbERK8 ATP binding cavity was found to be a smaller 

and more hydrophobic pocket as compared to HsERK8. Collectively, these results 

demonstrated that TbERK8 contains exploitable residue and binding pocket features that 

can be targeted for selectivity over HsERK8, leading to the potential for design of a new 

class of inhibitors for HAT. This information provides a buildable scaffold in targeting 



 
 

15 
 

orthologue-specific kinases to advance potential therapeutic drug design for the infectious 

organism, T. brucei. 

2.2 Introduction 

Human African Trypanosomiasis (HAT), also referred to as sleeping sickness, is a 

neglected tropical disease endemic to Sub-Saharan Africa, with approximately 65 million 

people susceptible to infection.77 HAT is a caused by either Trypanosoma brucei: T. b. 

gambiense, or T. b. rhodensiense, which is transmitted by the bite of infected tsetse flies 

from the genus Glossina.78 Currently, four drugs are approved for treating HAT that are 

specific for disease stage: pentamidine and suramin (first-stage), and melarsoprol and 

eflornithine (second-stage).79, 80 These therapeutics are difficult to administer, have poorly 

defined molecular targets or mechanisms of action, limited efficacy between sub-species, 

and contribute to severe adverse side effects such as neurological disorders, cardiac failure, 

coma, and even death.77, 79, 81 Consequently, a critical need exists for developing novel 

HAT therapeutics that can inhibit select, experimentally validated molecular targets that 

are essential for T. brucei survival.  

Kinases are attractive targets for drug design due to their role in regulating 

numerous essential parasitic processes that are often linked to cell cycle control82 and their 

high potential for druggability.20 A mostly uncharacterized Kinase, extracellular-signal 

regulated kinase 8 (ERK8), has been explored in humans as a potential therapeutic 

candidate for diseases such as cancers or rheumatoid arthritis.83  ERK8 is the most recently 

identified member of the MAPK family60, 61 and has presented itself as a potential target 

for therapeutic design given its role in response to extracellular signaling processes such 

as mitogenic signals, pro-inflammatory cytokines, and cellular stress in eukaryotes.84  No 
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upstream activating kinase has been identified for ERK8 family members proteins, but 

rather ERK8 contains an ATP-binding catalytic domain that is activated by 

autophosphorylation at two residues in the conserved TXY motif within the activation loop 

or ERK8. 83, 85-87 While targeting the kinase domain can be difficult, recent studies have 

explored the  potential of the ATP-binding site for pharmacological inhibitors, indicating 

that there are strategies for drugging the domain with high target specificity.54, 88-90 ERK8 

is a potential drug target given its implication to association with several diseases,83, 91 and 

has been determined to be useful for utilization in HAT therapeutic design given its 

essential role in T. brucei survival. 

A previous RNAi study investigated the T. brucei kinome and found two kinases 

essential in cellular proliferation and parasite survival: ERK8 and cdc2-related-kinase 12 

(CRK12).92 ERK8 is a more attractive drug target for HAT as CRK12 is functionally 

analogous to its human orthologue and does not appear to have cell-cycle defects upon 

down-regulation.93, 94 T. brucei ERK8 (TbERK8), a member of the MAPK protein family 

(MAPK6),95 is an orthologue to the human ERK8 (HsERK8)60, and has minimal functional 

characterization compared to other ERKs.61, 92 Given the successful utilization of kinases 

in drug discovery and the necessity of ERK8 in trypanosome survival, TbERK8 is a 

potential, exploitable target for  the design of  orthologue-specific (e.g. T. brucei-specific) 

inhibitors for HAT.  

Exploring the inhibitor efficacy and selectivity differences between the two 

orthologues is a key piece to identifying routes for orthologue specific drug design for 

HAT.96 TbERK8 was screened against a kinase inhibitor library, and a compound 

containing methyl-pyrazol and fluorophenyl moieties, AZ960, was identified to selectively 
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inhibit TbERK8 over HsERK8.60 A HsERK8 inhibitor, Ro318220, a compound containing 

pyrrole-dione and methyl-sulfanyl moieties, has also been identified and shows 100-300x 

potency for inhibiting HsERK8 (IC50 = 5-10 nM) over TbERK8 (IC50 = 1.4 µM).60, 86 This 

experimentally observed, selective inhibition of HsERK8 or TbERK8 based on unique 

inhibitors indicates that there are structural and/or biochemical determinants that influence 

how each of these inhibitors can interact with and inhibit the ATP-binding pockets of 

TbERK8 and HsERK8.  

In silico techniques are an essential tool for drug discovery as they allow for 

theoretical analysis into protein-ligand binding, which can support and enrich in vivo and 

in vitro experiments and accelerate the drug design process.97, 98 Detailed, atomistic 

characterization of the ATP binding pockets of these ERK8s can predict specific chemical 

characteristics of inhibitors to further exploit in orthologue-selective inhibitor design. To 

date, neither HsERK8 nor TbERK8 has an experimentally resolved structure, indicating 

the need for in silico approaches to provide a more detailed understanding of 

experimentally observed inhibitor selectivity. Previously, homology modeling of the 

kinase domain of HsERK8 was performed and found useful for predictive drug discovery 

strategies.86 Here, we applied homology modeling, molecular docking, and free energy 

calculations of ligand-protein complexes to compare HsERK8 and TbERK8 inhibitor 

interactions and design. We also explore the structural differences between models of 

HsERK8 and TbERK8 and show variances caused by residue deletions in TbERK8 in 

binding pocket size and chemical characteristics. Our work further demonstrates that there 

are distinct, structural differences between the two orthologues that allows for exploitation 

of the TbERK8 catalytic site for orthologue-specific drug design. 
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2.3 Material and Methods 

2.3.1 Homology Modeling of TbERK8 and HsERK8  

Sequences of TbERK8 (Tb927.10.5140)95 and HsERK8 (Q8TD08)61 were 

retrieved from GeneDB99 and GenBank 100, respectively. For the generation of homology 

models,  sequences were clipped to contain only the kinase domain, residues 6-341 for 

TbERK8 and residues 12-345 for HsERK8 as determined by Valenciano et al.,60 and 

Strambi et al.,86. Molecular Operating Environment (MOE)101 was used to generate models 

using the crystal structure of MAPK from Cryptosporidium parvum (PDB ID: 3OZ6)(DOI: 

10.2210/pdb3OZ6/pdb) as a template. MAPK from C. parvum shares 51% and 46% 

identity to TbERK8 and HsERK8 (Table S1), respectively, and is a member of the same 

protein family as ERK8. Models of TbERK8 and HsERK8 were energy minimized using 

MOE101 and the AmberEHT force field102, 103 and then validated for model quality using a 

variety of metrics to assess side chain positioning (Verify3D),104 local environment 

favorability (ANOLEA)105, similarity to known experimentally solved structures (ProSA), 

106 and backbone and torsional energies (SWISS-MODEL107-110, Rampage111) (Figure S1-

S3). Additionally, the x-ray diffraction-resolved structure of MAPK Fus3 from 

Saccharomyces cerevisiae (PDB ID: 2B9F)112 was energy minimized and validated the 

same way as the homology models, as Fus3 from S. cerevisiae (denoted as Fus3 in this 

work) shares 38% and 39% percent identity (Figure S4, Table S1) with TbERK8 and 

HsERK8, respectively, and was co-crystallized with ADP. The homology models of 

TbERK8, HsERK8, and the energy minimized structure of Fus3 showed favorable 

validation metrics based on above analysis types. Model validation quality metrics 



 
 

19 
 

indicated that models generated were acceptable for utilization in subsequent docking and 

binding cavity analysis experiments.  

2.3.2 Physicochemical Characterization of the ATP-Binding Site 

To analyze the physicochemical features of the ATP-binding site (Figure 1), the 

TbERK8 and HsERK8 energy minimized homology models were evaluated through 

various servers to determine their interaction abilities, pocket volume, and hydrophobicity. 

MetaPocket 2.0113 was used to predict the locations of binding cavities of proteins and 

provide coordinates of the space-filling region of these cavities. These coordinates of the 

binding site were then imported into Chimera114 for volume calculation. The binding cavity 

spheres were evaluated, and regions that were outside of the ATP-binding cavity were 

eliminated (Figure 2A-B, S7). The overall surface of the binding pocket was evaluated for 

hydrophobicity, hydrogen bonding abilities, and charged regions using Schrödinger-

Maestro115 binding site surface feature (Figure 2C-D). Pharmacophore hypothesis testing 

in Schrödinger-Maestro (v. 2018-1) software115 was used to predict the receptor features 

required for small molecule binding, predicting features of hydrogen bonding, charge-

charge interactions, hydrophobicity, and aromaticity. Each model was analyzed using the 

receptor-based method, utilizing the parameter coordinates of (38.00, 6.00, 37.00) and 

(34.00, 6.00, 40.00) for HsERK8 and (30.00, 3.00, 42.00), (38.00, 6.00, 31.00), and (35.00, 

6.00, 42.00) for TbERK8 and investigated the different types of essential interaction 

features within the binding pocket and ideal characteristics of an orthologue selective small 

molecule (Figure 3). Protein electrostatic surfaces were created using PyMOL.116 

Electrostatic surfaces of inhibitors were created using UCSF Chimera114 by displaying the 

protein surface using the Coulombic Surface Coloring feature within the software (Figure 
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S8). The surfaces of each ligand used in the molecular docking procedures were also 

evaluated for their electrostatic characteristics (Table S6) using Chimera114. Rotatable 

bond analysis of small molecules (Table S6) was analyzed using AutoDock Tools (v. 

1.5.6).117 

2.3.3 Molecular docking 

AutoDock Tools (v. 1.5.6)117 was used to prepare receptor (kinase) and ligand files 

for docking experiments. AutoDock Vina118 was used to dock all ligands and inhibitors 

used in this work, including ADP and ATP, into the energy minimized Fus3 structure and 

ERK8 homology models. All protein structures were overlaid prior to docking to utilize 

the same grid box size and center position given the similarity in the ADP/ATP binding 

cavity among the three homologues. The grid box was centered on the ADP/ATP binding 

site based on location and proximity of key, interacting residues with ADP from the Fus3 

crystal structure. To negate any differences in size between the ADP/ATP binding cavities 

of the three proteins, a larger box was utilized to ensure the entire cavity volume in all three 

proteins was searched in the docking process. The grid box was centered on the coordinates 

(35.3, 2.6, 29.8) and was sized 22 Å x 22 Å x 22 Å with 1.000 Å grid spacing relative to 

the ADP/ATP active site. To evaluate the accuracy of the redocking, the root-square-mean-

deviation (RMSD) was calculated using an in-house script.  Redocking of ADP into Fus3 

resulted in a lowest energy ADP pose with an RMSD of 0.710 Å relative to the ADP 

position in the crystal structure, further validating the box size and position for all future 

docking experiments (Figure S9). Structures of AZ960 (5-fluoro-2-[[(1S)-1-(4-

fluorophenyl)ethyl]amino]-6-[(5-methyl-1H-pyrazol-3-yl)amino]pyridine-3-carbonitrile) 

and Ro318220 (3-[3-[2,5-Dihydro-4-(1-methyl-1H-indol-3-yl)-2,5-dioxo-1H-pyrrol-3-
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yl]-1H-indol-1-yl]propyl) were downloaded from PubChem119 and also docked into the 

TbERK8 and HsERK8.   Each docking procedure resulted in nine poses. The lowest energy 

poses that docked in a similar orientation as ATP were utilized for further analysis such as 

distance measurements and residue interaction fingerprints. Free energy (measured in 

kcal/mol from Schrödinger-Maestro)115 of the protein, ligand, and protein-ligand complex 

structures were calculated using the Molecular Mechanics/Generalized Born Surface Area 

(MM-GBSA) method. For protein-ligand complex free energy calculations, all poses from 

docking results were utilized. Ligand efficiencies were calculated using all  AutoDock 

Vina118 output energies (kcal/mol) and dividing by the number of heavy atoms in the 

molecule. Distance measurements determined through fingerprinting were divided into 

three different interaction types depending on the heavy atom type involved and distance: 

electrostatic interactions were 3.0 – 5.0 Å and involved polar atoms with partial charges, 

hydrophobic interactions were 3.0 – 5.0 Å and involved non-polar carbon atoms, and 

hydrogen bond interactions were 2.8 – 4.0 Å between hydrogen bond donor and acceptor 

atoms. All poses were visually assessed in PyMOL116 and UCSF Chimera114 to determine 

the hit rate in position and occupancy of the binding cavity (Figure S10).  

To further analyze the docking results, Schrödinger-Maestro (v. 2018-1)115 was 

utilized for residue interactions between the protein and docked ligands and inhibitors. The 

protein structures were preprocessed using the protein preparation wizard.115 Using the 

Discovery Informatics and QSAR feature, a fingerprint of the interactions between the 

protein and ligand was produced, examining electrostatic, hydrophobic, and backbone 

interactions.115  
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           To evaluate any conserved residues in the three homologues essential for ligand 

binding in the kinase domain, a sequence alignment was performed using Schrödinger-

Maestro (v. 2018-1)115 using the multiple sequence alignment feature (Figure S1). These 

conserved residues were compared to previous mutagenesis experiments through a 

literature search, and the interaction fingerprints were then overlaid to see the three-

dimensional location of the residues (Figure S6). Once the key residues were defined, the 

sequences were renumbered for referencing purposes for all results and discussion (Table 

S2).  

2.3.4 Pharmaceutical ADME Qualities and Identification of Similar FDA Approved 
Therapeutics  

Compounds with known potential as therapeutics, that contained drug-like 

characteristics pertaining to absorption, distribution, metabolism, and excretion (ADME) 

characteristics, and with chemical characteristics similar (60%+ similarity) to the known 

ERK8 inhibitors  were determined using the QikProp feature in Schrodinger-Maestro’s 

suite.115 QikProp identified six additional ligands to screen: famotidine (N'-

(Aminosulfonyl)-3-([2-(diaminomethyleneamino)-4-

thiazolyl]methylthio)propanamidine), fludrocortisone ((8S,9R,10S,11S,13S,14S,17R)-9-

fluoro-11,17-dihydroxy-17-(2-hydroxyacetyl)-10,13-dimethyl-1,2,6,7,8,11,12,14,15,16-

decahydrocyclopenta[a]22henanthrene-3-one),fluprednisolone 

((6S,8S,9S,10R,11S,13S,14S,17R)-6-fluoro-11,17-dihydroxy-17-(2-hydroxyacetyl)-

10,13-dimethyl-7,8,9,11,12,14,15,16-octahydro-6H-cyclopenta[a]22henanthrene-3-one), 

idarubicin ((7S,9S)-9-acetyl-7-[(2R,4S,5S,6S)-4-amino-5-hydroxy-6-methyloxan-2-

yl]oxy-6,9,11-trihydroxy-8,10-dihydro-7H-tetracene-5,12-dione), prednisolone 

((8S,9S,10R,11S,13S,14S,17R)-11,17-dihydroxy-17-(2-hydroxyacetyl)-10,13-dimethyl-
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7,8,9,11,12,14,15,16-octahydro-6H-cyclopenta[a]23henanthrene-3-one), and sildenafil (5-

[2-ethoxy-5-(4-methylpiperazin-1-yl)sulfonylphenyl]-1-methyl-3-propyl-6~{H}-

pyrazolo[4,3-d]pyrimidin-7-one). Each drug that was identified using this method was 

docked and evaluated in the same manner as AZ960 and Ro318220 as described in the 

molecular docking section above.  

2.4 Results and Discussion   

In silico techniques that are coupled with in vivo and in vitro experimental data can 

provide a deeper understanding into physicochemical characteristics in protein binding 

cavities, allowing for new insights into drug discovery tailorable for orthologue or isoform 

specificity. Designing new therapeutics is a constant need for diseases, and parasitic 

diseases such as HAT require a thorough investigation into orthologue, e.g. Trypanosoma, 

specific characteristics. TbERK8 has been established as a promising therapeutic target for 

HAT,92 and orthologue specific inhibition has been demonstrated through experimental 

research,60 though the rationale behind the mechanism of inhibitory differences between 

the Tb and Hs orthologues remains unknown. Exploring the difference in specificity of the 

two ERK8 orthologue-specific chemical inhibitors, Ro318220 and AZ960, and 

determining the protein-inhibitor interactions can aid in binding pocket characterization of 

both structures for future, selective pharmacological design for T. brucei. Here, we explore 

the inhibitory difference between TbERK8 and HsERK8 using known inhibitor data60 and 

in silico approaches to discern a protein-structure based rationale to orthologue specificity 

and routes for exploitation in future inhibitor design. This work contributes to our 

understanding on the role of essential proliferation pathways for T. brucei, which in turn 
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provides rationale for the creation of next-gen compounds that will specifically target T. 

brucei for HAT treatment.  

2.4.1 Sequence alignment and homology modeling of Hs and TbERK8 orthologues 

TbERK8 has been experimentally determined to be a promising target for HAT 

therapeutics, but, to date, there is no resolved structure and minimal insight into mode of 

action and inhibition.92 A human orthologue, HsERK8, has been identified and must be 

investigated in tandem to determine exploitable differences in the orthologues. HsERK8 is 

involved in cell growth and proliferation pathways,61 making it necessary to explore 

structural differences between the two structures to conclude if TbERK8 is a suitable target 

for HAT drug design. Homology models of TbERK8 and HsERK8 were generated to 

structurally characterize the ATP-binding pocket of the kinase domain of TbERK8 and 

HsERK8. A homology model of HsERK8 was previously created and analyzed for 

investigating ATP-competitive inhibitors for drug discovery by Strambi, et al.,86 showing 

that these computational techniques to analyze structural features is a viable approach. 

Structural characteristics and differences between the two orthologues must be identified 

to determine druggability of TbERK8 for HAT.  

Molecular Operating Environment (MOE)101 was used to determine prepare 

homology models of the ERK8 orthologues. The similarity of TbERK8 and HsERK8 to 

the template structure was 69% and 64%, respectively (Table S1). To validate these 

structures, multiple web-based tools were utilized, comparing to the original template 

structure as reference.104, 106-108, 111 Each structure showed favorable psi/phi backbone 

angles, negative energy scores, and scored similar to x-ray and NMR resolved structures 

(Figure S1-S3).104-111 Based on all validation techniques collectively and since the two 
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ERK8 orthologues demonstrated similarities in structural validation as compared to the 

reference structure, the models were considered acceptable for the purpose of our 

investigation.  

Sequence alignments were performed to determine conserved residues within the 

kinase domain to distinguish variations and confirm similarities between the two structures 

using Schrödinger-Maestro115 Multiple Sequence Viewer (Figure S4-S5), allowing for 

perceptive into exploitable differences. The MAPK template from C. parvum (PDB ID: 

3OZ6)(DOI: 10.2210/pdb3OZ6/pdb), was included in this analysis, which was crystallized 

as an apo structure with no ligands, inhibitors, or cofactors bound, as was Fus3 (PDB ID: 

2B9F),120 an additional MAPK co-crystallized with ADP. The Fus3 structure also has 

similarity in the ADP/ATP binding pocket and the kinase domain (Figure S4) with 

TbERK8 and HsERK8, which aided in validation of our docking protocol.  Fus3 also was 

previously utilized in a human-specific ERK8 study.86  

Previous research has provided insight into the kinase domain of both TbERK8 and 

HsERK8, indicating residues 6-341 and 12-345, respectively, as constituting the kinase 

domains.60, 86  TbERK8 and HsERK8 were determined to have 72% similarity and 51% 

identity within the kinase domain (Figure S5, Table S1), while the alignment revealed 

some unique features, specifically with T. brucei having a deletion of residues Asp69 and 

Lys105 relative to HsERK8, which both predominately engage in charge-charge and 

hydrogen bonding interactions.  The absence of these residues potentially produces a 

modification in the electrostatic potential, hydrophobicity, and ligand-binding abilities 

within the ATP binding site considering both residues have electrostatic binding abilities 

(Figure S5). To further evaluate the effects of this change determined through the sequence 
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alignment results, structural analysis of the binding cavity of each orthologue was 

necessary.  

Overlays were used to structurally orient the ATP-binding region relative to Fus3, 

as it was crystallized with ADP, to identify structural variations for further investigation. 

A shift in residues is displayed spatially within the binding region, most notably at residue 

Asp155, which is positioned near the Mg2+ ion (Figure 1, Figure S6). The shift of Asp155 

is likely caused by the two residue deletions for TbERK8, as observed in the sequence 

alignment (Figure S5). Asp155 has been experimentally determined to be essential in the 

phosphorylation of HsERK8, leading to catalytic arrest when mutated.83 The shift in 

residue position as a result of the two deletions in TbERK8 compared to HsERK8 can also 

observed in  residues TbLeu19, TbMet95, and TbSer141 (Figure S6). While these residues 

are present in both orthologues, they are oriented in spatially different positions, leaving 

the question of how each residue influences ligand structural localization and how this may 

influence the physicochemical features of the binding pocket. Importantly, both kinases are 

still active and bind ATP, likely due to the conservation in the phosphate region, but 

displays variations in the adenine binding region as a result of the residue deletions 

observed. Previous literature has shown that TbERK8 and HsERK8 have different 

inhibitory features;60 this shift in residues Leu19, Met95, Ser141, and Asp155, has the 

potential to cause such distinctions in inhibitor binding abilities while still having both 

utilize ATP for autophosphorylation. 

 2.4.2 Physicochemical Characterization of ERK8 Orthologues  

Experimental research has previously determined important physicochemical 

differences between TbERK8 and HsERK8 that need further classification.60 Ro318220, a 
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potent HsERK8 inhibitor,83 and AZ960, a TbERK8 selective inhibitor,60 demonstrate 

inhibitory differences that  support binding pocket variations between the two ERK8 

orthologues. To characterize the effects of the residue deletions on the physicochemical 

features within the active site, each binding site was analyzed through pocket volume, 

pharmacophore mapping, binding site surface mapping, and electrostatic potential of the 

ATP-binding site.  

The predicted binding pocket of each structure was explored using MetaPocket 

2.0,113 and volume was calculated using UCSF Chimera114 (Figure 2A-B, S7) to provide 

insight into the types of small molecules that can bind based on size and structure. The 

volumes of TbERK8 and HsERK8 were calculated to be 518.8 Å3 and 1186 Å3, 

respectively (Figure 2A-B, S7). TbERK8 has shown more consistent inhibitory abilities 

with smaller, flexible molecules, such as AZ960 (292.5 Å3),60 which is likely due to the 

smaller binding cavity. Ro318220 is larger than AZ960, at a volume of 404.0 Å3 versus 

292.5 Å3, and has been experimentally determined to be over 100-times more potent at 

inhibiting HsERK8 over TbERK8.60 TbERK8 has a thinner, L-shaped (Figure 2A) binding 

cavity while the pocket of the active site of HsERK8 is overall more spherical (Figure 2B). 

AutoDock Tools was used for analysis of the rotatable bonds of each inhibitor.117 

Rotameric analysis of Ro318220 revealed six rotatable bonds (Table S6) mostly in the 

sulfanyl tail, with rotameric hindrances in the pyrrole-dione moiety, potentially preventing 

flexibility that appears to be necessary for binding to the TbERK8 binding cavity given the 

smaller size and distinct shape (Figure 2A-B).  AZ960 displays the same rotameric 

flexibility as Ro318220 (six rotatable bonds; Table S6) but contains regions that are much 

less bulky (Table S6), thereby confirming the need for smaller, flexible inhibitors in the 
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TbERK8 ATP binding cavity. Based on these observations, smaller, more flexible 

molecules, like AZ960, are expected to bind more favorably in the active site of TbERK8 

given the distinct shape and size of the binding cavity, which is further confirmed using 

free energy calculations (discussed below). Larger, less flexible molecules, like Ro318220, 

are predicted to bind with higher affinity in the binding cavity of HsERK8 since it has the 

volume and shape to support it. These observations thus support that smaller, flexible 

molecules are required for TbERK8 over HsERK8 specificity. 

To determine distinct binding features in each orthologue, mapping of the active 

site surfaces was performed using the Schrödinger-Maestro115 binding site surface tool, 

generating a surface map of structural characteristics (Figure 2C-D). This tool allows for 

visualization of the surface of the active site based on hydrophobic, glycine, polar 

uncharged, positively charged, and negatively charged regions. HsERK8 displayed an 

active site with more distinct electrostatic features, exhibiting more negatively charged and 

hydrogen-bonding features (Figure 2C), compared to TbERK8, which displays greater 

positively charged and hydrophobic features (Figure 2D). Both structures displayed 

features of hydrogen bonding, aromaticity, and ionic binding abilities but organized 

differently within the binding pocket (Figure 3). Based on the pharmacophore models, 

which displays features required of a ligand for binding, HsERK8 displayed hydrogen bond 

donor and hydrophobic features with few aromatic features in the upper right quadrant of 

the adenine binding region. HsERK8 contained three negative ionic features within the 

triphosphate binding region. The TbERK8 pharmacophore model showed hydrogen bond 

donor and aromatic features throughout the adenine binding region, with three negative 

ionic features at the top left side of the triphosphate binding region (Figure 3). The binding 
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feature positioning differences between TbERK8 and HsER8 are hypothesized to result 

from the shift in residues that would change the structural chemistry required of a small 

molecule, supporting the specificity variances between AZ960 and Ro318220.  

To further confirm the electrostatic differences between the binding pockets of the 

two orthologues and to complement the pharmacophore models,  the PyMOL Protein 

Contact Potential/Vacuum Electrostatic feature (version 2.0),116 a calculation based on a 

quasi-Coulombic-shape function,121 was used to evaluate the electrostatic potential of each 

protein surface (Figure S8). The binding cavity of TbERK8 shows a neutral upper adenine 

binding region (white) with an overall positive charge (blue) closer to the activation loop 

in the ATP binding pocket (Figure S8A). The activation loop for HsERK8 is similarly 

charged compared to TbERK8. The adenine binding region of HsKER8 contrasts 

compared to TbERK8 (Figure S8B), displaying a strong negative charged (red) region 

embedded deep within the active site as compared to a more neutral (white) region in 

TbERK8. These structural data presented from the electrostatic surface show that charged 

regions in the upper binding region could be influencing inhibitor positioning in HsERK8, 

while aromatic and hydrophobic features may play an important role for TbERK8.  

These physicochemical features of TbERK8 and HsERK8 can be used to rationalize 

and exploit the inhibitory differences between AZ960 and Ro318220. HsERK8 displays a 

region of negative electrostatic potential in the posterior of the adenine binding region in 

the active site, and a larger overall binding pocket volume. Despite the range of 

physicochemical differences, both orthologues share three negative ionic feature 

requirements in the triphosphate binding region, allowing the facilitation of known kinase 

activity (Figure 3). It is demonstrated below with molecular docking experiments that the 
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binding cavity of HsERK8 can accommodate a bulkier ligand with more positively charged 

or hydrogen bonding features with a negatively charged tail with higher affinity, similar to 

the characteristics of Ro318220. TbERK8 displays a hydrophobic and relatively small 

binding pocket with some positively charged regions and hydrogen bonding features, 

which could support a smaller, flexible ligand with aromatic features, matching 

characteristics of AZ960. Molecular docking can help identify structural determinants 

responsible for the inhibitory differences to support these observations and provide 

enhanced biochemical rationale for inhibitor orthologue preference. 

2.4.3 Molecular Docking and Interaction Analysis 

To provide insight into key residues responsible for the inhibitory differences 

between TbERK8 and HsERK8, inhibitor binding conformations were explored using 

molecular docking and evaluating the protein-ligand interactions. Molecular docking is a 

structure-based method that provides information on into how small molecules interact 

with protein structures,122 which is useful when investigating proteins as potential targets 

for drug discovery. This process allows for examination of the binding pocket for designing 

a scaffold for TbERK8 specificity.  

Fus3 (PDB: 2B9F)120 was used as a standard for protocol development and 

validation of the methodology, given its use in other modeling experiments86 and the co-

crystallization with ADP within the binding pocket. To validate the molecular docking 

protocol, redocking of ADP was performed using AutoDockTools117 and AutoDock 

Vina.118 Redocking  is generally considered a success by obtaining a lowest energy pose 

with a RMSD less than 2.00 Å.123 The redocking of ADP into Fus3 resulted an RMSD of 
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0.710 Å , thereby supporting  our protocol for these protein structures  (Figure S9, Table 

S3).  

Following docking protocol validation, docking of ATP into each structure was 

performed to identify any key residues essential in binding. Each docked pose was chosen 

based on lowest energy scores and domains positioned appropriately for 

autophosphorylation, with the phosphate groups coordinated near the Mg2+ (Figure S10-

S11, Table S4). To assess the ability of AutoDock Vina to dock ATP relative to the known 

crystal structure position of ADP, only the ADP moiety of ATP was considered in the 

RMSD calculations. The RMSD values of the ADP moiety of ATP, relative to the ADP 

position in the crystal structure of Fus3 were 2.028 Å, 1.811 Å, and 1.920 Å for Fus3, 

TbERK8, and HsERK8, respectively (Figure S11). Using Schrödinger-Maestro’s115 

interaction fingerprint tool, interaction types were evaluated within the protein-ATP 

complexes (Table S9). Fingerprinting exhibited interactions in both orthologues with 

residues Leu19, Val25, Lys42, and Asp155 (Table S9). Site-directed mutagenesis 

experiments have also revealed Lys42 and Asp155 as essential residues for catalytic 

activity of HsERK8.61, 83, 124, 125 In combination with the sequence alignment, structural 

overlays, mutagenesis of residues within the binding cavity from previous literature,61, 63, 

83, 124-129 and the fingerprinting results, an initial set of key residues interacting with ATP 

were identified (Table S2). Notably, Asp155 displayed interactions in all structures, 

despite a shift in its spatial localization between the orthologues (Figure S10-S11). 

However, this result is expected given the biological relevance of aspartate residues 

coordinating Mg2+ in kinases and promoting catalytic events.11, 130  
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To further evaluate the structural difference between HsERK8 and TbERK8 and to 

probe inhibitor specificity, Ro318220 and AZ960 was docked into both TbERK8 and 

HsERK8. Ro318220 is a pyrrole-dione and methyl-sulfanyl moiety containing compound 

that has been experimentally determined to be HsERK8 selective.60, 86 Ro318220 has a 

volume of  404.0 Å3, contains both electropositive and electronegative regions (Table S6), 

and displays features of hydrogen bond donating, hydrophobicity, and hydrogen bond 

accepting (Figure S12). Ro318220 docking results support the specificity for HsERK8 

over TbERK8 (Figure S13-S14, Table S7), showing more electrostatic interactions with 

HsERK8. Overall HsERK8 docked poses displayed electrostatic interactions with the 

pyrrole-dione moiety at residues HsArg56, HsArg55 and HsLys139 and with the methyl-

sulfanyl moiety at residues HsLys42, HsGlu60, and HsAsp155, all interacting at a distance 

less than 5.00 Å. Additionally, Ro318220 interacts hydrophobically with the key residue 

HsVal27. These specific interactions with the defined key residues (HsVal27, HsLys42, 

HsArg56, and HsAsp155) with additional electrostatic interactions (HsLys139, HsSer141, 

HsAsn142) show that Ro318220 has the chemical features and size required to bind 

competitively against ATP in the  binding cavity of HsERK8.   

When Ro318220 was docked into TbERK8, many poses, such as the pose used for 

interaction analysis, resulted in the pyrrole-dione moiety region being partially solvent 

exposed (Figure S15B). The electrostatic interactions between TbERK8 and Ro318220 

include TbArg56 in the pyrrole-dione moiety with TbLys42 and TbArg182 interactions 

displaying distances greater than 5.0 Å in distance, indicating weak electrostatic 

interactions. Ro318220 poses in TbERK8 also show a hydrophilic interaction with Asn142 

at the pyrrol-dione moiety greater than 5.0 Å away. Ro318220 showed no interactions with 
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the essential hydrophobic residues of TbERK8, TbLeu19 and TbVal27, likely due to the 

bulkiness of the molecule and inability to fully access the adenine binding region of the 

active site given the smaller pocket size. These observations support experimentally 

determined selectivity trends for Ro318220 and the two ERK8 orthologues, noting that this 

inhibitor is selective towards HsERK8, and that Ro318220 does not contain the 

physicochemical composition and smaller size required for TbERK8 binding.60 Free 

energy calculations confirmed these observations for binding preferences and are discussed 

collectively later.  

AZ960 is a compound containing fluorophenyl and methyl-pyrazol moieties that  

has been experimentally determined to be a strong inhibitor for TbERK8 and a weak 

inhibitor for HsERK8.60 AZ960 has a calculated volume of 292.5 Å3, exhibits features of 

hydrogen bond donating, aromaticity, and hydrophobicity (Figure S12), and contains both 

electronegative and electropositive clustered regions (Table S6). Comparing the docking 

results of AZ960 in TbERK8 and HsERK8, AZ960 had a common binding position 

throughout all poses with TbERK8 while there were less consistent patterns in the docking 

into HsERK8 (Figure S14 A-B, Table S8). Most poses of AZ960 in TbERK8 showed the 

fluorophenyl region of the molecule positioned near the adenine binding region (Figure 

S14 C). This positioning was not observed in HsERK8, with the methyl-pyrazol moiety of 

the molecule positioned near the adenine binding region (Figure S14 D). Interestingly, 

TbERK8 and HsERK8 had equal numbers of electrostatic and hydrophobic interactions 

with AZ960 (Figure S15, Table S9), which could explain the weak inhibitory abilities 

with HsERK8. HsERK8 displayed more backbone and hydrophilic interactions with 

AZ960 as compared to TbERK8. TbERK8 interacted electrostatically with the methyl-
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pyrazol moiety of AZ960 at residues TbLys42, TbAsp53, and TbArg56 but at distances 

greater than 5.0 Å. HsERK8 interacted electrostatically in the methyl-pyrazol moiety with 

HsLys42, HsGlu60, and HsAsp155 and hydrophobically with HsGln21. Only the HsGlu60 

and HsGln21 interacted at distances less than 5.0 Å. Due to these weak interaction with 

predicted key residues, other factors may contribute to the differences of AZ960 binding.  

When evaluating additional interactions to explain the AZ960 inhibitory difference 

between the ERK8 orthologues, TbPhe156 displayed aromatic and hydrophobic 

interactions with the fluoropyridine-carbonitrile moiety of AZ960, at a 3.6 Å distance, in 

the triphosphate binding region, potentially representing T-shape π-π like interaction 

(Figure S16). TbPhe156 neighbors the ERK8 key residue, Asp155, showing that this 

interaction could drive ATP competition in TbERK8. HsERK8 also displayed a potential 

T-shape π-π like interaction at HsPhe97, but at 4.3 Å and in the upper and back-end of the 

adenine binding region because of additional binding pocket space and volume of HsERK8 

(Figure S16). The positioning of HsPhe156 reveals that the shift in residues from the 

residue insertions in HsERK8 may have influenced a feature re-organization, allowing for 

these aromatic components to be more accessible for small-molecule binding (Figure S16 

D). This aromatic interaction required for AZ960 binding could be a key detail of the 

specificity differences between the two orthologues and potentially be an exploitable 

feature for HAT pharmaceutical design.  

Collectively, docking results of the known inhibitors highlight structure differences 

observed in overlays, alignments, and ADP/ATP docking, but also reveal fundamental 

interaction differences between the ERK8 orthologues and their specific inhibitors. 

Ro318220 interactions are driven by electrostatic features and require a larger binding 
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cavity for high specificity, which agrees with above results. Aromatic and hydrophobic 

characteristics influence interactions with AZ960, potentially in a T-shape π-π like manner. 

TbERK8 has aromatic interactions in the triphosphate binding region at TbPhe156 with 

AZ960, a potential essential interaction required for TbERK8 specificity. Future TbERK8 

selective inhibitors should contain an aromatic feature to interact with TbPhe156.  

2.4.4 Inhibitor Characteristics and Additional Compounds to Probe Binding Site 
Specificity 
 

Ro318220 and AZ960 were screened using Schrödinger-Maestro’s115 QikProp 

feature for additional small molecules with physicochemical similarities and to identify 

any additional features of structures that selectively mimic AZ960 and Ro318220 in the 

ATP binding cavity for orthologue-specific inhibitor design.  QikProp identifies 

compounds that are chemically similar to the small molecule of interest that are 

purchasable and FDA approved. Ro318220 was identified to be similar to idarubicin 

(63.77%), famotidine (62.99%), and sildenafil (60.08%). Idarubicin and sildenafil are 

similar to Ro312880 in volume, 402.8 Å3 and 423.1 Å3, respectively, and display 

concentrated regions of positive charge (Table S6).  Famotidine is relatively small in 

comparison to the other identified molecules similar to Ro318220, with a volume of 251.0 

Å3, and displays a concentrated region with a net negative charge. When docked into 

HsERK8, both idarubicin and sildenafil presented interactions similar to Ro318220, 

notably electrostatic interactions with the key residues HsLys42 and HsAsp155 while also 

displaying hydrophobic interactions (Table S17). Interestingly, famotidine docking results 

did not show similar binding interactions with HsERK8 as compared to Ro318220, having 

only one electrostatic interaction with HsAsp98, with most of the interactions being from 

hydrophobicity despite being a Ro318220 chemical analog. This is likely because the 
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central features of famotidine are hydrophobic (Table S6). All of the Ro318220 analogs 

displayed similar interacts, some with even more interactions, with TbERK8’s binding 

cavity compared to HsERK8, despite their larger molecular volume. When docked into 

TbERK8, idarubicin had an equal number of electrostatic interactions in the two 

orthologues and interacted with TbERK8’s key residue TbAsp155. Sildenafil had two more 

electrostatic interactions with TbERK8 compared to HsERK8, again interacting with the 

key residue, TbAsp155. Famotidine resulted in only two electrostatic interactions with 

TbERK8, one more than HsERK8, none of which were key residues. It appears that 

idarubicin and sildenafil encompass characteristics driving molecular interactions deeper 

into the binding cavity of TbERK8 that are absent in Ro318220. From this, we can observe 

that larger molecules with the preferred physicochemical characteristics of negative 

electrostatic features, which can drive interactions with TbLys75, and flexibility can still 

inhibit TbERK8. 

AZ960 was identified to be similar to prednisolone (64.68%), fludrocortisone 

(63.59%), and fluprednisolone (63.44%). The AZ960 analogs had similar structural 

characteristics, with mostly neutrally charged surfaces (Table S6), and volume ranging 

from 325-350 Å3. While most properties, such as hydrogen bonding and hydrophobicity 

were seen in these analogues, interestingly, none had aromatic features. When all three 

AZ960 analogues were docked into both ERK8 orthologues, the AZ960 analogs displayed 

similar interactions, with mostly backbone and hydrophobic interactions driving the 

binding (Table S17). When docked into HsERK8, all three AZ960 analogs interacted with 

HsERK8’s key residues, HsLys42 and HsAsp155. Fludrocortisone and prednisolone 

interacted similarly with TbERK8, with electrostatic interactions with the key residue, 
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TbAsp155. Fluprednisolone did not interact with any TbERK8 key residues, indicating a 

very weak ability to act competitively with ATP. Interestingly, none of the AZ960 analogs 

interacted with the important TbERK8 residue, TbPhe156, likely due to the lack of 

aromaticity of these molecules, further emphasizing the importance of an aromatic moiety 

in developing a TbERK8 specific inhibitor. 

The inhibitor AZD5438 was also docked for further evaluation of inhibitory 

abilities. Previous studies have identified AZD5438 as a strong inhibitor of both ERK8 

orthologues and has an approximate volume of 357.8 Å3.60 In HsERK8, AZD5438 

interacted electrostatically with HsLys42 and HsAsp98 and had hydrophilic interactions 

with HsGln21 (Table S17). AZD5438 interacted with three of HsERK8’s key residues: 

HsLeu19, HsVal27, and HsLys42. In TbERK8, AZD5438 interacted electrostatically with 

TbLys42, TbAsp53, TbGlu60, TbLys75, and TbAsp155 and via hydrophilic interactions 

with TbThr57 (Table S17). AZD5438 interacted with four of TbERK8’s key residues: 

TbLeu19, TbVal27, TbLys42, and TbAsp155. AZD5438 interacted with a feature 

determined to be essential in TbERK8 binding, TbPhe156, which was found to be essential 

for interacting with AZ960. The features of AZD5438 allow for interaction with key 

features in triphosphate binding regions for both ERK8 orthologues, while allowing it to 

drive into the adenine binding region of TbERK8, which is otherwise less accessible. This 

supports that AZD5438 strongly inhibits both HsERK8 and TbERK8.60 The results from 

docking AZD5438 into TbERK8 and HsERK8 indicate that a strong, TbERK8 inhibitor 

requires interactions with ERK8 key residues and with TbPhe156.   

An additional residue appeared to be important for TbERK8 binding with both 

Ro318220 and AZ960 chemical analogs, especially with allowing larger molecules to 
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access the binding cavity: TbLys75. Both Ro318220 and AZ960 analogs interacted 

electrostatically with TbLys75. Further investigation of the sequence alignment of the two 

structures show that Lys75 is a feature only present in TbERK8, whereas HsERK8 contains 

a serine in this position. When visualized using PyMOL,116 due to the shift in residues 

caused by the deletions of residues Asp69 and Lys105 in TbERK8 (Figure S5), this 

position is occupied by HsIle74, producing a more hydrophobic region within the adenine 

binding region of HsERK8, which is also observed in the surface maps (Figure 2 C, D). 

TbLys75 also occupies more of the binding pocket relative to HsIle74, reducing the overall 

pocket volume of TbERK8 and increasing the net positive charge in the adenine binding 

region of TbERK8’s active site. This observation supports the patterns seen in the docking 

results, exhibiting fewer TbERK8 interactions with larger molecules such as Ro318220, 

unless containing a negatively charged moiety in a flexible domain, such as sildenafil, 

driving the molecule into the binding cavity of TbERK8.  The electrostatic characteristics 

of these inhibitor analogs contain the physicochemical features required for this crucial 

interaction with TbLys75 of TbERK8, indicating it is a key component for designing an 

orthologue specific inhibitor. These results support that TbERK8 selective inhibitors 

should contain chemical constituents that can interact with TbLys75 for strong inhibitory 

abilities.  

To further support binding patterns and favorability, ligand efficiencies were 

evaluated by dividing the docking output energy scores by the number of heavy atoms in 

each molecule (Figure S24). As expected, given known experimental data, the highest 

ligand efficiency for TbERK8 was AZ960, while the lowest was Ro318220 (Figure S24 

A). Unexpectedly, AZ960 also had the highest ligand efficiency for HsERK8 and 
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Ro318220 scored low compared to all other ligands (Figure S24 B) in HsERK8. When 

these data is organized by size of the molecule (largest to smallest), the volume of the 

molecule appears to also influence ligand efficiency, most apparent in TbERK8 (Figure 

S24 C) and related to the smaller binding volume of TbERK8. While heavy atom number 

is taken into account in the ligand efficiency calculation, volume of both the binding 

pockets are substantially different which can influence the free energy from AutoDock 

Vina. In HsERK8, there are a few outliers, also likely due to the size of the binding cavity, 

allowing for more space to accommodate larger molecules, and more areas for the small 

molecules to bind. It is possible that AZ960 is binding well in HsERK8, which 

experimentally is known to inhibit HsERK8 to some extent, but not in the region required 

to fully inhibit kinase activity and outcompete ATP. Collectively, since the ligand 

efficiencies are calculated based on energy outputs from docking and heavy atom count, 

these results show that the ligand efficiencies are not a complete indicator for comparing 

inhibitors of varying size or multiple receptors with varying pocket volumes but can be 

helpful when comparing molecules of similar size within one orthologue.  

To explore these new features identified through structural analogs to the known 

inhibitors, overlays of the structures were analyzed using a multiple ligand pharmacophore 

hypothesis feature in Schrödinger-Maestro.115 Each analog was identified to contain a 

hydrogen bond accepting feature driving the interactions with TbLys75 (Table S17). 

Incorporating this feature into the scaffold of AZ960 could improve selectivity for 

TbERK8 over HsERK8.  Additional compounds were constructed using the features from 

Ro318220 and AZ960 analogs essential in TbERK8 binding, modifying the methyl-

pyrazol and fluorophenyl moiety of AZ960 and to further use our data and rationale to 
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design a new scaffold based on the hypothesis supported by the in silico characterization 

of the binding cavity and molecular docking. The dihydroxycyclopentyl-ethanone moiety 

in the structures of fludrocortisone, fluprednisolone, and prednisolone was altered to a 

cyclopentenyl-hydroxyenthanone moiety by removing the extra alcohol group to create 

compound 1 (Table S18). This alteration to the AZ960 scaffold drives poses to interact 

with TbLys75 in molecular docking studies (Table S21). Two constructs appeared to bind 

more effectively in TbERK8 over HsERK8 when evaluating the protein-small molecule 

interactions: compound 5 and 6 (Table S21). Compound 5 contains an oxydiazole ring in 

place of the methyl-pyrazol moiety and compound 6 contains a carboxyl and a trifluoro 

moiety. Compound 5 interacted electrostatically with four charged residues in TbERK8, 

TbLys42, TbLys75, TbGlu96, and TbAsp155, and hydrophobically with the aromatic 

residue TbPhe156. Compound 5 only interacted electrostatically with two charged residues 

in HsERK8, HsAsp98 and HsAsp155. Compound 6 interacted electrostatically with five 

charged residues in TbERK8, TbLys42, TbGlu60, TbGlu96, TbAsp98, and TbAsp155, but 

not TbLys75, and interacted hydrophobically with TbPhe156. Compound 6 interacted 

electrostatically with three charged residues in HsERK8, HsLys42, HsAsp98, and 

HsAsp155. Compounds 5 and 6 had interactions similar to those observed with AZ960 and 

AZD5438 with HsERK8, interacting with HsAsp98 similar to AZD5438 and comparable 

hydrophobic and backbone residues in AZ960. Interactions of compounds 5 and 6 in 

TbERK8 resembled those of AZD5438 rather than AZ960. From the lack of clear binding 

patterns to known inhibitors, further analysis is necessary to determine selectivity.  

Each new compound was further analyzed using ligand efficiency calculations and 

energy properties and compared to the inhibitors Ro318220, AZ960, and AZD5438 (Table 
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S22). Ligand efficiency calculations displayed only compound 6 to bind measurably 

greater in TbERK8 (Table S22) compared to HsERK8, but AZ960 displayed efficiencies 

greater in HsERK8 though experimental work supports AZ960 as stronger at inhibiting 

TbERK8.60  More metrics of analysis, specifically free energy calculations using Molecular 

Mechanics/Generalized Born Surface Area (MM-GBSA), are essential when evaluating 

the inhibitory efficacy from molecular docking results given the complexity and 

differences in the binding pockets due to the rearrangements from the substitutions and 

deletions. MM-GBSA energy properties were calculated using Schrödinger-Maestro115 

(Table S22). Both AZ960 and AZD5438 displayed measurably greater, negative binding 

energies for TbERK8 (-107.97 ± 11.24 kcal/mol and -109.44 ± 11.76 kcal/mol, 

respectively) compared to HsERK8 (-98.60 ± 10.83 kcal/mol and -96.00 ± 14.95 kcal/mol, 

respectively), which aligns with experimental data.60 Ro318220, however, did not display 

expected free energy values, ultimately showing low binding energies to both TbERK8 and 

HsERK8, which may be influenced by protein dynamics not accounted for in this work and 

due to the large size of the molecule. Both compounds 5 and 6 had measurably greater 

energies with TbERK8 over HsERK8, though not significant. Following the patterns of the 

known ERK8 inhibitors, AZ960 and AZD5438, compounds 5 and 6 are hypothesized to 

selectively inhibit TbERK8 over HsERK8, providing a buildable scaffold for new-gen 

compound design and rationale. 

2.5 Conclusion  
 

This work identifies unique structural feature for TbERK8 drug design specificity 

that can ultimately be used for treating HAT. Here, we utilize computational techniques 

that compare the ATP-binding pockets of TbERK8 and HsERK8 and rationalize and 
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predict the structural determinants that can influence the experimentally observed inhibitor 

specificity. Molecular docking results identified key residues and features necessary for 

ADP/ATP and inhibitor interactions in TbERK8 that differ in HsERK8, ultimately being 

exploitable for TbERK8 specificity over HsERK8. These features include a positively 

charged component, TbLys75, and an aromatic residue, TbPhe156, that are shown as 

requisite to increase the inhibitor specificity in TbERK8 as based on their interactions with 

experimentally determined potent TbERK8 inhibitors (Figure 6). This work also identifies 

new chemical moieties for the development of next gen inhibitors that can be utilized for 

greater selectivity towards the active site of TbERK8 over HsERK8. By testing chemical 

analogs of known TbERK8 or HsERK8 selective inhibitors, and using those chemical 

features coupled with pharmacophore models, we were able to examine the impact of new 

chemical moieties, an oxydiazole ring and a trifluoro group, on an AZ960 derivative, that 

was confirmed with free energy (MM-GBSA) calculations to indicate TbERK8 specificity 

(Table S22).  Further drug discovery and targeting of TbERK8 should focus on developing 

TbERK8 selective inhibitors using the basic scaffold containing a central aromatic feature 

to interact with TbPhe156 with a flexible domain containing electrostatic features to 

interact with TbLys75 in the adenine binding region, and a strong, electronegative domain 

to interact with the triphosphate binding region. These future inhibitors should be small 

and flexible to allow for movement within the small binding area of active site of TbERK8. 

Collectively, our work demonstrates exploitable physicochemical differences in TbERK8 

and HsERK8 that can drive novel therapeutic design strategies for treating HAT.  
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2.6 Main Figures   

 

Figure 1. Structural features of ERK8 orthologues. (A) HsERK8 with binding pocket 
surface shown as mesh and ATP represented in volumetric dots and colored by element. 
Key residues are shown in red sticks and colored by atom type. (B) Key residues of the 
ERK8 binding pocket shown as sticks, labeled and colored based on orthologue (Fus3 
(green), HsERK8 (navy), and TbERK8 (violet)). (C) Spatial orientation diagram of binding 
region of ATP in HsERK8 structure. 
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Figure 2. ERK8 orthologue binding cavity volume and physicochemical features. (A, B) 
Predicted binding pocket volume surface representation. (A) TbERK8 shown in violet 
cartoon. (B) HsERK8 shown in navy cartoon. Binding pockets were determined using 
MetaPocket 2.0. The pocket volume of TbERK8 and HsERK8 was calculated to be 518.8 
Å3 and 1186 Å3, respectively, using UCSF Chimera. (C, D) Surface map of binding cavity. 
TbERK8 (C) and HsERK8 shown in gray cartoon. Colors of surface represent specific 
residue properties: hydrophobic (green), hydrogen bonding features (teal), negatively 
charged (red), and positively charged (blue).  
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Figure 3. Pharmacophore model of TbERK8 and HsERK8. (A) TbERK8 shown as violet 
cartoon and (B) HsERK8 shown as navy cartoon. Spheres represent the pharmacophore 
model features: red circles - negative ionic, blue sphere with arrows - hydrogen bonding 
donor, pink sphere with arrows - hydrogen bonding acceptor, green sphere - hydrophobic, 
and orange rings - aromatic features.  
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Figure 4. Known orthologue-specific inhibitors docked into TbERK8 and HsERK8. (A) 
TbERK8 and ATP, (B) HsERK8 and ATP, (C) TbERK8 and AZ960, (D) HsERK8 and 
AZ960, (E) TbERK8 and Ro318220, and (F) HsERK8 and Ro318220. In all panels, 
TbERK8 shown as violet cartoon and HsERK8 shown as navy cartoon with key residues 
shown in stick colored by atom type. Mg2+ is shown as a green sphere. ATP is represented 
in stick colored by atom type with carbons colored maroon. AZ960 is represented in stick 
colored by atom type with carbon in teal. RO318220 shown in stick colored by atom type 
with carbon in light blue. Distances measured to closest key residue are in Å3 shown in 
gray dashes. 
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Figure 5. Volume representation of known orthologue-specific inhibitor poses for TbERK8 
and HsERK8. (A) TbERK8 and ATP, (B) HsERK8 and ATP, (C) TbERK8 and AZ960, 
(D) HsERK8 and AZ960, (E) TbERK8 and Ro318220, and (F) HsERK8 and Ro318220. 
TbERK8 shown as violet cartoon and HsERK8 shown as navy cartoon with key residues 
shown in stick colored by atom type. Mg2+ in green sphere. ATP is represented in 
volumetric dots colored by atom type with carbons colored maroon. AZ960 shown as 
volumetric dots colored by atom type with carbons colored teal. RO318220 shown as 
volumetric dots colored by atom type with carbons colored light blue.  
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Figure 6. Schematic of proposed targeting strategies TbERK8 over HsERK8 for HAT drug 
development.  
  

 

 

 

 

 

 

 

 

 

 



 
 

49 
 

2.7 Supplemental Information 
 
 
Table S1. Summary table of sequence identity and similarity between Fus3 (PDB ID: 
2B9F), TbERK8, HsERK8, and the MAPK template (PDB ID: 3OZ6) sequences. 
Sequence identity and similarity percentages were calculated using Schrödinger-Maestro 
after performing pairwise sequence alignment.  

Reference 
Sequence Fus3 (PDB: 2B9F) TbERK8 HsERK8 MAPK template 

(PDB ID: 3OZ6) 

 Percent 
Similarity 

Percent 
Identity  

Percent 
Similarity 

Percent 
Identity  

Percent 
Similarity 

Percent 
Identity  

Percent 
Similarity 

Percent 
Identity  

Fus3   58 38 57 39 54 35 

TbERK8 58 38   72 51 69 51 

HsERK8 57 39 72 51   64 46 

MAPK 
template 54 35 69 51 64 46   
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Figure S1. Energy minimized structure validation of the Fus3 crystal structure (PDB ID: 
2B9F). (A) Ramachandran plot showed 95.5% of residues within the favored region, 4.2% 
within the allowed region, and 0.3% in the outlier region. (B) ANOLEA indicates favorable 
free energy scores (green). No major unfavorable residue regions are observed. (C) ProSA 
indicates a Z-score (-9.11, black dot) in the acceptable spectrum compared to resolved 
protein structures. (D) QMEAN analysis indicates mostly favorable Z-scores in solvation, 
SSE agreement, and all-atom interactions. Negative Z-scores are observed for torsion, 
ACC agreement, and CB interactions. (E) Verify3D results show most residues above the 
threshold for favorable side chain placement (dotted yellow line). Residue ranges below 
the threshold are not within the active site. 
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C

D 
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Figure S2. Energy minimized structure validation of the TbERK8 homology model 
(sequence accession: Tb927.10.5140). (A) Ramachandran plot showed 88% of residues 
within the favored region, 8.1% within the allowed region, and 3.9% in the outlier region. 
(B) ANOLEA indicates favorable free energy scores (green). No major unfavorable residue 
regions are observed. (C) ProSA indicates a Z-score (-2.7, black dot) in the acceptable 
spectrum compared to resolved protein structures.  (D) QMEAN analysis indicates 
negative Z-scores in all analysis areas. (E) Verify3D results show most residues above the 
threshold for favorable side chain placement (dotted yellow line). Residue ranges below 
the threshold are not within the active site.  
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Figure S3. Energy minimized structure validation for HsERK8 homology model (sequence 
accession: Q8TD08). (A) Ramachandran plot showed 89.3% of residues within the favored 
region, 9.5% within the allowed region, and 1.2% in the outlier region. (B) ANOLEA 
indicates favorable free energy scores (green). No major unfavorable residue regions are 
observed. (C) ProSA indicates a Z-score (-7.87, black dot) in the acceptable spectrum 
compared to resolved protein structures. (D) QMEAN analysis indicates negative Z-scores 
in all analysis areas. (E) Verify3D results show most residues above the threshold for 
favorable side chain placement (dotted yellow line). Residue ranges below the threshold 
are not within the active site. 
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Figure S4. Multiple sequence alignment (MSA) of the kinase domain of ERK8 in Fus3 
(PDB: 2B9F), TbERK8, HsERK8, and MAPK template (PDB: 3OZ6). Alignment 
performed using Schrödinger-Maestro’s Multiple Sequence Viewer. Sequences are 
displayed as a single letter amino acid, with conserved residues colored based on side-chain 
property and alignment quality. The Fus3 sequence was used as a reference, with percent 
similarity (S) and identity (I), indicated in the right column.  
 
 
 

 
Figure S5. Pairwise sequence alignment of the kinase domain of ERK8 in TbERK8 and 
HsERK8. Alignment performed using Schrödinger-Maestro’s Multiple Sequence Viewer. 
Sequences are displayed as a single letter amino acid, with conserved residues colored 
based on side-chain property and alignment quality. Percent similarity (S) and identity (I), 
indicated in the right column.    
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Figure S6. ATP binding site overlays. (A) Fus3 and TbERK8, (B) Fus3 and HsERK8, (C) 
HsERK8 and TbERK8, and (D) Fus3, TbERK8, and HsERK8. All structures are shown as 
cartoon and colored as Fus3 (green), TbERK8 (violet), and HsERK8 (navy). Residues in 
the ATP binding cavity are labeled and shown as stick and colored based on kinase 
orthologue. Mg2+ is shown as spheres and colored based on kinase orthologue.  
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Table S2. Key residue name and sequence position of Fus3, TbERK8, and HsERK8 based 
on active site overlay and literature. Residues are renumbered in order to have consistency 
in discussion of amino acid position based on sequence and renumbered residues are based 
on the sequence position in HsERK8  

Structure Residue name and number 

Fus3 (PDB ID: 2B9F) Leu19 Val27 Lys42 Arg55 Met96 Ser141 Asp155 
TbERK8 Leu19 Val27 Lys42 Arg56 Glu95 Asn140 Asp153 
HsERK8 Gln21 Val32 Lys42 Arg55 Met100 Ser146 Asp155 

Renumbered Residues  

Fus3 (PDB ID: 2B9F) Leu19 Val27 Lys42 Arg56 Met95 Ser141 Asp155 
TbERK8 Leu19 Val27 Lys42 Arg56 Glu96 Asn142 Asp155 
HsERK8 Gln21 Val27 Lys42 Arg56 Met95 Ser141 Asp155 
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Figure S7. ERK8 orthologues and ATP binding site volume representation overlay with 
ATP.  Volume pocket of ATP binding cavity was created using MetaPocket 2.0 and 
calculated with UCSF Chimera. (A, C, E) Binding pocket is shown as spheres to indicate 
volume and shape of the ATP binding cavity for each structure. (B, D, F) Overlays of the 
volume representation with ATP was also performed to highlight the orientation of ATP in 
the predicted pocket. All structures are shown as cartoon and colored by Fus3 (green), 
TbERK8 (violet), and HsERK8 (navy). ATP is shown as sticks and colored by element.  
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Figure S8. Electrostatic potential surface of (A) TbERK8 and (B) HsERK8. Electrostatic 
potential surface calculations were performed using the PyMOL vacuum electrostatics 
protein contact potential feature and are colored by a gradient of red (negatively charged) 
to blue (positively charged). ATP binding cavity shown in white dashed box.  
 
 
 
 
 
 
 

 
Figure S9. ADP redocking results compared to Fus3 x-ray crystal structure. Fus3 structure 
is shown in cartoon and colored as x-ray crystal structure (green) and the energy minimized 
structure used for redocking (purple). The lowest energy docked pose of ADP docking 
results (pose 1) is overlaid with the crystal structure position of ADP. ADP is shown as 
sticks and colored by structure (x-ray crystal structure in green, redocked pose in purple). 
The docked pose had an RMSD of 0.710 Å compared to the x-ray crystal structure pose.  
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Table S3. Docking free energies of poses for ADP redocked into Fus3 energy minimized 
structure. Energies are shown in kcal/mol.  AutoDock Vina was used for docking, which 
generates up to nine poses. Pose used in the analysis determined by lowest energy score 
and frequency of additional poses with similar positioning, correct positioning of chemical 
groups, and similarity to ADP in crystal structure (represented by an asterisk). 

ADP – Fus3 Energy Minimized 
Structure  

Pose # Free Energy  
(kcal mol-1) 

1 -9.5* 
2 -9.4 
3 -8.8 
4 -8.8 
5 -8.6 
6 -8.5 
7 -8.5 
8 -8.5 
9 -8.4 
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Figure S10. Results of all poses of ATP docking in ERK8 orthologues. (A) Fus3 docking 
results with all poses generated displayed in stick and colored by energy scores in red, 
orange, yellow, green, blue, violet (ROYGBV). Fus3 is shown as green cartoon with Mg2+ 
as a green sphere. (B) TbERK8 docking results with all poses generated displayed in stick 
and colored by energy scores in ROYGBV. TbERK8 shown in violet cartoon with Mg2+ in 
green sphere. (C) HsERK8 docking results with all poses generated displayed in stick and 
colored by energy scores in ROYGBV. HsERK8 shown in navy cartoon with Mg2+ in green 
sphere.  
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Figure S11. Lowest energy docked poses of ATP in ERK8 orthologues. (A) Fus3 with best 
pose (1) of ATP docking results, (B) TbERK8 with best pose (1) of ATP, (C) HsERK8 
with best pose (3) of ATP, and (D) all three structures overlaid. Fus3, TbERK8, and 
HsERK8 are shown in cartoon colored green, violet, and navy, respectively, with Mg2+ in 
green sphere. ATP structures are represented in stick and colored by associated protein and 
by atom type. RMSD of ATP sans γ phosphate pose compared to ADP in Fus3 crystal 
structure is 2.028 Å, 1.811 Å, and 1.920 Å, respectively.  
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Table S4. Docking free energies of poses for ATP docked into Fus3, TbERK8, and 
HsERK8 energy minimized structure. Energies are shown in kcal/mol.  AutoDock Vina 
was used for docking, which generates up to nine poses. Pose used in the analysis 
determined by lowest energy score and frequency of additional poses with similar 
positioning, correct positioning of chemical groups, and similarity to ADP in crystal 
structure (represented by an asterisk). 

Pose #  Fus3 
(kcal mol-1) 

TbERK8 
affinity (kcal 

mol-1) 

HsERK8 
affinity (kcal 

mol-1) 
1 -9.6* -7.5* -7.7 
2 -8.9 -7.3 -7.6 
3 -8.9 -7.2 -7.5* 
4 -8.8 -7.2 -7.5 
5 -8.8 -7.0 -7.4 
6 -8.5 -7.0 -7.3 
7 -8.5 -6.9 -7.2 
8 -8.4 -6.7 -7.2 
9 -8.3 -6.6 -6.9 
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Table S5. 2D structure of known TbERK8 and HsERK8 inhibitors with name, 
experimental Ki and IC50 value, and computationally calculated ligand volume and area. 
ATP is included for native ligand reference.  

 
 

Ro318220 
Volume: 404.0 Å3 

Area: 377.3 Å3 

 
 

 
AZ960 

Volume: 292.5 Å3 

Area: 304.9 Å3 

 

ATP 
Volume: 348.3 Å3 

Area: 321.4 Å3 
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Table S6. Small Molecules used for docking into ERK8 orthologues. 

Inhibitor Structure Volume 
(Å3) 

Rotatable 
Bonds 

Electrostatic 
Surface 

Electrostatic 
Surface 180 

Ro318220 404.0 6 

  

AZ960 292.5 6 

  

Famotidine 251.0 6 

  

Fludrocortisone 340.7 5 

 

Fluprednisolone 

 

331.9 5 

  

Idarubicin 

 

402.8 5 

  

Prednisolone 327.9 5 

 

Sildenafil 423.1 7 

  

AZD5438 357.8 6 
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Figure S12. Ligand pharmacophore model of orthologue-specific inhibitors. (A) Ro318220 
(teal) and (B) AZ960 (light blue) displayed in stick and colored by atom type. Spheres 
represent the pharmacophore features: red circles - negative ionic, blue sphere with arrows 
- hydrogen bonding donor, pink sphere with arrows - hydrogen bonding acceptor, green 
sphere - hydrophobic, and orange rings - aromatic features. 
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Figure S13. Docking results of Ro318220 and ERK8 orthologues. (A) TbERK8 docking 
results with all poses generated displayed in stick and colored by energy scores colored as 
in Figure S10. (B) TbERK8 docking results with best pose with Mg2+ as a green sphere (3) 
displayed in stick and colored in yellow and by atom type with Mg2+ as a green sphere. (C) 
HsERK8 docking results with all poses generated displayed in stick and colored by energy 
scores colored as in Figure S10. HsERK8 shown in navy cartoon with Mg2+ in green 
sphere. (D) HsERK8 docking selected for interaction analysis displayed in stick and 
colored in red and atom type with Mg2+ as a green sphere. 
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Table S7. Docking free energies of poses for Ro318220 docked into the TbERK8 and 
HsERK8 energy minimized structure. Energies are shown in kcal/mol.  AutoDock Vina 
was used for docking, which generates up to nine poses. Pose used in the analysis 
determined by lowest energy score and frequency of additional poses with similar 
positioning (represented by an asterisk). 

Pose #  
TbERK8 

affinity (kcal 
mol-1) 

HsERK8 
affinity (kcal 

mol-1) 
1 -7.1 -7.8* 
2 -6.6 -7.7 
3 -6.5* -7.6 
4 -6.1 -7.3 
5 -6.0 -7.2 
6 -5.6 -7.0 
7 -5.3 -6.8 
8 -5.3 -6.7 
9 -5.2 -6.6 
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Figure S14.  Docking results of AZ960 and ERK8 orthologues. (A) TbERK8 docking 
results with all poses generated displayed in stick and colored by energy scores colored as 
in Figure S10. TbERK8 shown in violet cartoon with Mg2+ in green sphere. (B) TbERK8 
docking results with best pose (1) displayed in stick and colored in red with Mg2+ as a green 
sphere. (C) HsERK8 docking results with all poses generated displayed in stick and colored 
by energy scores colored as in Figure S10. HsERK8 shown in navy cartoon with Mg2+ in 
green sphere. (D) HsERK8 docking results with best pose (1) displayed in stick and colored 
in red and by atom type with Mg2+ as a green sphere. 
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Table S8. Docking free energies of poses for AZ960 docked into TbERK8 and HsERK8 
energy minimized structure. Energies are shown in kcal/mol.  AutoDock Vina was used 
for docking, which generates up to nine poses. Pose used in the analysis determined by 
lowest energy score and frequency of additional poses with similar positioning (represented 
by an asterisk). 

Pose #  
TbERK8 

affinity (kcal 
mol-1) 

HsERK8 
affinity (kcal 

mol-1) 
1 -7.9* -8.8* 
2 -7.8 -8.8 
3 -7.8 -8.7 
4 -7.7 -8.4 
5 -7.6 -8.4 
6 -7.5 -8.3 
7 -7.5 -8.3 
8 -7.5 -8.1 
9 -7.5 -8.0 
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Table S9. Protein-ligand interactions of known inhibitors with TbERK8 and HsERK8 from 
molecular docking results. Interactions were identified using Schrödinger-Maestro 
fingerprinting feature.  

Ligand Protein Electrostatic Polar Neutral Hydrophobic Backbone 

ATP 

HsERK8 K42, R56, E60, 
D155 Q21 

Y24, V27, A40, I74, 
F92, F9, L144, 

C154 
M95 

TbERK8 K42, K75, 
D155 - 

L19, V27, A40, I44, 
Y45, L99, L143, 

V145, F156  

G20, Q21, G22, 
G25, I26, K43, 

N142 
Difference -1 electrostatic -l hydrophilic +1 hydrophobic +6 backbone 

Ro318220 

HsERK8 K42, R56, E60, 
K139, D155 S141, N142 Y24, V27, I74, F92, 

C154 
G25, S141, 

D155 

TbERK8 K42, R56, 
D155, R182 N142 V27, M138, L143, 

F156, L158 
Q21, G22, G25, 

K43, N142 
Difference -1 electrostatic -1 hydrophilic  +2 backbone 

AZ960 

HsERK8 K42, E60, 
D155 Q21 Y24, V27, A40, I74, 

F92, L144 
E93, M95, T97, 

D98 

TbERK8 K42, D53, R56 - V27, I44, F48, 
F156, L158 G22, K43, A54 

Difference  -1 hydrophilic  -1 backbone 
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Figure S15. ERK8 orthologue-specific inhibitor interactions within ATP active sites. (A) 
HsERK8 and Ro318220. (B) TbERK8 and Ro318220. (C) HsERK8 and AZ960. (D) 
TbERK8 and AZ960. HsERK8 is represented in navy cartoon with interacting or key 
residues shown in stick and colored by atom type with Mg2+ displayed as green sphere. 
TbERK8 is represented in violet cartoon with interacting or key residues shown in stick 
and colored by atom type with Mg2+ displayed as green sphere. Ro318220 is shown in light 
blue stick and colored by atom type. AZ960 is shown in teal stick and colored by atom 
type. Protein-inhibitor interactions measured in angstroms. Image is shown zoomed into 
the ATP active site. Inserts in each image is 90 degree turn from original position. 
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Figure S16. AZ960 aromatic interactions with ERK8 orthologues. (A) Full structure 
overlay of HsERK8 and TbERK8. (B) TbPhe156 interaction with AZ960. (C) HsPhe97 
aromatic interaction with AZ960. (D) Overlay of Asp155 and Phe156 in HsERK8 and 
TbERK8, displaying a shift in residues. HsERK8 shown in navy cartoon with interacting 
residues shown in stick. TbERK8 shown in violet cartoon with interacting residues shown 
in stick. AZ960 displayed as stick shown in gray. Mg2+ shown as green sphere. 
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Figure S17. Docking results of famotidine and ERK8 orthologues. (A) TbERK8 docking 
results with all poses generated displayed in stick and colored by energy scores colored as 
in Figure S10 with Mg2+ as a green sphere. (B) TbERK8 docking results with best pose (1) 
displayed in stick and colored in red and by atom type with Mg2+ as a green sphere. (C) 
HsERK8 docking results with all poses generated displayed in stick and colored by energy 
scores colored as in Figure S10. HsERK8 shown in navy cartoon with Mg2+ in green 
sphere. (D) HsERK8 docking results with best pose (1) displayed in stick and colored in 
red and atom type with Mg2+ as a green sphere. 
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Table S10. Docking free energies of poses for famotidine docked into TbERK8, and 
HsERK8 energy minimized structure. Energies are shown in kcal/mol. AutoDock Vina was 
used for docking, which generates up to nine poses. Pose used in the analysis determined 
by lowest energy score and frequency of additional poses with similar positioning 
(represented by an asterisk). 

Pose #  
TbERK8 

affinity (kcal 
mol-1) 

HsERK8 
affinity (kcal 

mol-1) 
1 -6.0* -6.1* 
2 -5.8 -6.1 
3 -5.8 -6.1 
4 -5.8 -6.1 
5 -5.6 -5.9 
6 -5.6 -5.9 
7 -5.5 -5.9 
8 -5.5 -5.9 
9 -5.4 -5.8 
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Figure S18. Docking results of fludrocortisone and ERK8 orthologues. (A) TbERK8 
docking results with all poses generated displayed in stick and colored by energy scores 
colored as in Figure S10 with Mg2+ as a green sphere. (B) TbERK8 docking results with 
best pose (1) displayed in stick and colored in red and by atom type with Mg2+ as a green 
sphere. (C) HsERK8 docking results with all poses generated displayed in stick and colored 
by energy scores colored as in Figure S10. HsERK8 shown in navy cartoon with Mg2+ in 
green sphere. (D) HsERK8 docking results with best pose (2) displayed in stick and colored 
in orange and atom type with Mg2+ as a green sphere. 
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Table S11. Docking free energies of poses for fludrocortisone docked into TbERK8, and 
HsERK8 energy minimized structure. Energies are shown in kcal/mol. AutoDock Vina was 
used for docking, which generates up to nine poses. Pose used in the analysis determined 
by lowest energy score and frequency of additional poses with similar positioning 
(represented by an asterisk). 

Pose #  
TbERK8 

affinity (kcal 
mol-1) 

HsERK8 
affinity (kcal 

mol-1) 
1 -7.9* -6.6 
2 -7.7 -6.5* 
3 -7.6 -6.5 
4 -7.5 -6.3 
5 -7.5 -6.2 
6 -7.4 -6.0 
7 -7.3 -5.9 
8 -7.2 -5.9 
9 -7.1 -5.9 
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Figure S19. Docking results of fluprednisolone and ERK8 orthologues. (A) TbERK8 
docking results with all poses generated displayed in stick and colored by energy scores 
colored as in Figure S10 with Mg2+ as a green sphere. (B) TbERK8 docking results with 
best pose (1) displayed in stick and colored in red and by atom type with Mg2+ as a green 
sphere. (C) HsERK8 docking results with all poses generated displayed in stick and colored 
by energy scores colored as in Figure S10. HsERK8 shown in navy cartoon with Mg2+ in 
green sphere. (D) HsERK8 docking results with best pose (1) displayed in stick and colored 
in red and atom type with Mg2+ as a green sphere. 
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Table S12. Docking free energies of poses for fluprednisolone docked into TbERK8, and 
HsERK8 energy minimized structure. Energies are shown in kcal/mol. AutoDock Vina was 
used for docking, which generates up to nine poses. Pose used in the analysis determined 
by lowest energy score and frequency of additional poses with similar positioning 
(represented by an asterisk). 

Pose #  
TbERK8 

affinity (kcal 
mol-1) 

HsERK8 
affinity (kcal 

mol-1) 
1 -7.7* -6.7* 
2 -7.6 -6.6 
3 -7.4 -6.6 
4 -7.3 -6.5 
5 -7.3 -6.5 
6 -7.2 -6.4 
7 -7.1 -6.4 
8 -6.9 -6.3 
9 -6.7 -6.3 
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Figure S20. Docking results of idarubicin and ERK8 orthologues. (A) TbERK8 docking 
results with all poses generated displayed in stick and colored by energy scores colored as 
in Figure S10 with Mg2+ as a green sphere. (B) TbERK8 docking results with best pose (1) 
displayed in stick and colored in red and by atom type with Mg2+ as a green sphere. (C) 
HsERK8 docking results with all poses generated displayed in stick and colored by energy 
scores colored as in Figure S10. HsERK8 shown in navy cartoon with Mg2+ in green 
sphere. (D) HsERK8 docking results with best pose (1) displayed in stick and colored in 
red and atom type with Mg2+ as a green sphere. 
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Table S13. Docking free energies of poses for idarubicin docked into TbERK8, and 
HsERK8 energy minimized structure. Energies are shown in kcal/mol.  AutoDock Vina 
was used for docking, which generates up to nine poses. Pose used in the analysis 
determined by lowest energy score and frequency of additional poses with similar 
positioning (represented by an asterisk). 

Pose #  
TbERK8 

affinity (kcal 
mol-1) 

HsERK8 
affinity (kcal 

mol-1) 
1 -8.3* -8.6* 
2 -8.1 -8.5 
3 -8.1 -8.2 
4 -7.6 -8.2 
5 -7.6 -7.8 
6 -7.6 -7.8 
7 -7.3 -7.7 
8 -7.3 -7.6 
9 -7.0 -7.5 
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Figure S21. Docking results of prednisolone and ERK8 orthologues. (A) TbERK8 docking 
results with all poses generated displayed in stick and colored by energy scores colored as 
in Figure S10 with Mg2+ as a green sphere. (B) TbERK8 docking results with best pose (2) 
displayed in stick and colored in orange and by atom type with Mg2+ as a green sphere. (C) 
HsERK8 docking results with all poses generated displayed in stick and colored by energy 
scores colored as in Figure S10. HsERK8 shown in navy cartoon with Mg2+ in green 
sphere. (D) HsERK8 docking results with best pose (2) displayed in stick and colored in 
orange and atom type with Mg2+ as a green sphere. 
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Table S14. Docking free energies of poses for prednisolone docked into TbERK8, and 
HsERK8 energy minimized structure. Energies are shown in kcal/mol. AutoDock Vina was 
used for docking, which generates up to nine poses. Pose used in the analysis determined 
by lowest energy score and frequency of additional poses with similar positioning 
(represented by an asterisk). 

Pose #  
TbERK8 

affinity (kcal 
mol-1) 

HsERK8 
affinity (kcal 

mol-1) 
1 -7.5 -6.4 
2 -7.4* -6.3* 
3 -7.3 -6.3 
4 -7.1 -6.3 
5 -7.1 -6.2 
6 -6.5 -6.1 
7 -6.5 -6.0 
8 -6.4 -6.0 
9 -6.4 -6.0 
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Figure S22. Docking results of sildenafil and ERK8 orthologues. (A) TbERK8 docking 
results with all poses generated displayed in stick and colored by energy scores colored as 
in Figure S10 with Mg2+ as a green sphere. (B) TbERK8 docking results with best pose (1) 
displayed in stick and colored in red and by atom type with Mg2+ as a green sphere. (C) 
HsERK8 docking results with all poses generated displayed in stick and colored by energy 
scores colored as in Figure S10. HsERK8 shown in navy cartoon with Mg2+ in green 
sphere. (D) HsERK8 docking results with best pose (1) displayed in stick and colored in 
red and atom type with Mg2+ as a green sphere. 
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Table S15. Docking free energies of poses for sildenafil docked into TbERK8, and 
HsERK8 energy minimized structure. Energies are shown in kcal/mol.  AutoDock Vina 
was used for docking, which generates up to nine poses. Pose used in the analysis 
determined by lowest energy score and frequency of additional poses with similar 
positioning (represented by an asterisk). 

Pose #  
TbERK8 

affinity (kcal 
mol-1) 

HsERK8 
affinity (kcal 

mol-1) 
1 -7.6* -8.6* 
2 -7.6 -8.4 
3 -7.5 -8.3 
4 -7.5 -8.3 
5 -7.4 -8.2 
6 -7.4 -8.2 
7 -7.4 -7.9 
8 -7.3 -7.9 
9 -7.3 -7.9 
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Figure S23. Docking results of AZD5438 and ERK8 orthologues. (A) TbERK8 docking 
results with all poses generated displayed in stick and colored by energy scores colored as 
in Figure S10 with Mg2+ as a green sphere. (B) TbERK8 docking results with best pose (1) 
displayed in stick and colored in red and by atom type with Mg2+ as a green sphere. (C) 
HsERK8 docking results with all poses generated displayed in stick and colored by energy 
scores colored as in Figure S10. HsERK8 shown in navy cartoon with Mg2+ in green 
sphere. (D) HsERK8 docking results with best pose (2) displayed in stick and colored in 
orange and atom type with Mg2+ as a green sphere. 
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Table S16. Docking free energies of poses for AZD5438 docked into TbERK8, and 
HsERK8 energy minimized structure. Energies are shown in kcal/mol.  AutoDock Vina 
was used for docking, which generates up to nine poses. Pose used in the analysis 
determined by lowest energy score and frequency of additional poses with similar 
positioning (represented by an asterisk). 

Pose #  
TbERK8 

affinity (kcal 
mol-1) 

HsERK8 
affinity (kcal 

mol-1) 
1 -8.1* -8.0 
2 -7.5 -8.0* 
3 -7.3 -7.9 
4 -7.3 -7.8 
5 -7.0 -7.6 
6 -7.0 -7.4 
7 -7.0 -7.4 
8 -7.0 -7.3 
9 -7.0 -7.3 
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Table S17. Protein-small molecule interactions of identified FDA-approved drugs with 
similar physicochemical characteristics to Ro318220 and AZ960 with TbERK8 and 
HsERK8 from molecular docking results. Interactions were identified using Schrödinger-
Maestro fingerprinting feature.  

Ligand Protein Electrostatic Polar Neutral Hydrophobic Backbone 

Famotodine 

HsERK8 D98 Q21, S141 Y24, V27, A40, 
L144, C154 M95  

TbERK8 K75, E96  V27, Y94, L99, 
V145, V153 

N72, M95, 
D98, L144, 

N146 
Difference +1 -2  +4 

Fludrocortisone 

HsERK8 K42, K139, 
D155 S141, N142 Y24, V27  

TbERK8 K75, E96, 
D155 S147 L99, V145, V153 

M95, D98, 
H100, N142, 
L143, L144, 
N146, K152 

Difference  -1 +1 +8 

Fluprednisolone 

HsERK8 K42, K43, 
D155 N142 Y24, I44, F45 G25 

TbERK8 K75, E96  L99, V145, V153 

Y94, D98, 
N142, L143, 
L144, N146, 
K152, A154 

Difference -1 -1  +7 

Idarubicin 

HsERK8 K42, D98, 
D155 Q21 

Y24, V27, I74, 
F92, F94, L144, 

C154 

M95, T97, 
S142 

TbERK8 K75, E96, 
D155 S147 L99, V145, V153 

M95, D98, 
H100, N142, 
L143, L144, 
N146, K152 

Difference   -4 +5 

Prednisolone 

HsERK8 K42, K139, 
D155 S141, N142 Y24, V27  

TbERK8 K75, E96, 
D155 N145 Y94, L99, V145, 

V153 M97, L147 

Difference  -1 +2 +2 

Sildenafil 

HsERK8 K42, E60, 
D155  

V27, A40, I44, 
L64, I74, F92, 

L144, C154 
G25, S142 

TbERK8 K75, E93, E96, 
D97, D155  A40, Y94, L99, 

V145, V153 

L76, M97, 
T100, H103, 
N145, L147, 

N149 
Difference +2  -2 +5 

AZD5438 

HsERK8 K42, D98 Q21 Y24, V27, I74, 
F92, L144, C154 

G20, E93, 
D96, T97 

TbERK8 K42, D53, E60, 
K75, D155 T57 

L19, V27, I44, 
Y45, L99, F156, 

L158 
G25, K43 

Difference +3  +1 -2 
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Figure S24. Ligand efficiencies of known inhibitors and FDA-approved molecules. Ligand 
efficiencies are calculated in kcal/mol/heavy atom count. (A) TbERK8 ligand efficiencies 
organized from highest efficiency to lowest. (B) HsERK8 ligand efficiencies organized 
from highest efficiency to lowest. (C) Comparison of TbERK8 and HsERK8 ligand 
efficiencies organized by size (Å3) of each ligand. Ligand efficiency calculated using all 
poses output energies from AutoDock Vina and heavy atom numbers with standard 
deviation.  
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Table S18. New compound constructs built from AZ960 scaffold, number of rotatable 
bonds, heavy atoms, and volumes.  

Compound Structure Rotatable 
Bonds 

Heavy 
Atoms 

Volume 
(Å3) 

1 

 

7 29 319.9 

2 

 

5 28 303.7 

3 

 

5 27 292.7 

4 

 

4 25 273.5 

5 

 

5 25 280.0 

6 

 

7 31 338.4 

7 

 

7 31 386.7 
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Table S19. Docking free energies of new small molecule constructs docked into HsERK8 
energy minimized structure. Energies are shown in kcal/mol. AutoDock Vina was used for 
docking, which generates up to nine poses. Pose used in the analysis determined by lowest 
energy score and frequency of additional poses with similar positioning (represented by an 
asterisk). 

 Compound Number 

Pose 1 2 3 4 5 6 7 
1 -9.1* -9.7* -9.5* -9.2 -8.7* -9.0* -9.9* 
2 -9.0 -9.4 -9.3 -9.1* -8.5 -8.8 -9.3 
3 -8.8 -9.4 -9.2 -9.0 -8.5 -8.8 -9.0 
4 -8.8 -9.4 -9.1 -8.9 -8.3 -8.8 -8.9 
5 -8.8 -9.3 -9.1 -8.9 -8.3 -8.7 -8.9 
6 -8.8 -8.9 -9.0 -8.9 -8.2 -8.4 -8.8 
7 -8.7 -8.9 -8.9 -8.6 -8.1 -8.2 -8.4 
8 -8.6 -8.9 -8.8 -8.4 -8.1 -8.1 -8.4 
9 -8.6 -8.9 -8.6 -8.4 -8.0 -8.0 -8.1 

Ave. -8.80 -9.20 -9.06 -8.82 -8.30 -8.53 -8.86 
 
 
Table S20. Docking free energies of new small molecule constructs docked into TbERK8 
energy minimized structure. Energies are shown in kcal/mol. AutoDock Vina was used for 
docking, which generates up to nine poses. Pose used in the analysis determined by lowest 
energy score and frequency of additional poses with similar positioning (represented by an 
asterisk). 

 Compound Number 

Pose 1 2 3 4 5 6 7 
1 -8.2* -8.3* -8.0* -8.2* -8.1 -9.4 -8.6 
2 -8.0 -8.2 -7.9 -8.0 -7.9* -9.0* -8.5* 
3 -7.9 -8.1 -7.8 -8.0 -7.8 -8.9 -8.5 
4 -7.9 -8.0 -7.6 -7.9 -7.6 -8.8 -8.3 
5 -7.7 -7.9 -7.6 -7.7 -7.6 -8.5 -8.1 
6 -7.6 -7.9 -7.5 -7.7 -7.6 -8.4 -8.0 
7 -7.6 -7.8 -7.5 -7.7 -7.5 -8.4 -8.0 
8 -7.6 -7.8 -7.3 -7.5 -7.4 -8.3 -8.0 
9 -7.5 -7.7 -7.2 -7.5 -7.4 -8.3 -8.0 

Ave. -7.78 -7.97 -7.60 -7.80 -7.66 -8.67 -8.22 
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Table S21. Protein-small molecule interactions of new chemical compounds with TbERK8 
and HsERK8 from molecular docking results. Interactions were identified using 
Schrödinger-Maestro fingerprinting feature.  

Compound Protein Electrostatic Polar Neutral Hydrophobic Backbone 

1 

HsERK8 K42, E60, D98, 
D155 Q21 Y24, V27, A40, 

I74, F92, L144 
E93, M95, D96, 

T97 

TbERK8 K42, D53, K75, 
D155 - 

L19, V27, I44, 
Y45, A47, V145, 

F156 

Q21, G22, G25, 
K43 

Difference  -1 +1  

2 

HsERK8 K42, E60, D98, 
D155 Q21 

Y24, V27, A40, 
I74, F92, L144, 

C154 

E93, M95, D96, 
T97 

TbERK8 K42, D53, K75, 
D155 - 

V27, I44, Y45, 
A47, L99, V145, 

F156 

Q21, G22, G25, 
K43 

Difference  -1   

3 

HsERK8 K42, E60, D98, 
D155 Q21 Y24, V27, A40, 

I74, F92, L144 
E93, M95, D96, 

T97 

TbERK8 K42, E60, K75, 
D155 - V27, I44, V145, 

F156, L158 
G20, G22, G25, 

K43 
Difference  -1 -1  

4 

HsERK8 K42, D98, D155 Q21 Y24, V27, A40, 
F94, L144 

M95, D96, T97, 
S141 

TbERK8 K75, E96, D98 - 
L19, V27, L99, 
V102, V145, 

F156 

G20, Q21, E96, 
T97 

Difference  -1 +1  

5 

HsERK8 D98, D155 Q21 
Y24, V27, A40, 
I74, F92, F94, 

L144 
E93, D96, T97 

TbERK8 K42, K75, E96, 
D155 - L19, V27, L99, 

V145, F156 
G20, G22, G25, 
I26, K43, N142 

Difference +2 -1 -1 +3 

6 

HsERK8 K42, D98, D155 Q21 Y24, V27, A40, 
F94, L144, C154 

E93, M95, D96, 
T97,  
S141 

TbERK8 K42, E60, E96, 
D98, D155 T57 

L19, V27, I44, 
L99, V145, F156, 

L158 

Q21, G22, G25, 
N142 

Difference +2  +1 -1 

7 

HsERK8 K42, D98, D155 Q21 Y24, V27, A40, 
F92, F94, L144 

G25, M95, D96, 
T97, S141 

TbERK8 K42, D53, K75, 
D155 T57 

V27, I44, Y45, 
A47, L99, V145, 

F156 

G20, Q21, G22, 
G25, K43, F48 

Difference +1  +1 +1 
 
 
 
 
 
 



 
 

91 
 

Compound 

HsERK8 TbERK8 
Binding 
Energy 

(kcal/mol) 

Binding 
Efficiency 

(kcal/mol/heavy 
atom) 

Binding 
Energy 

(kcal/mol) 

Binding 
Efficiency 

(kcal/mol/heavy 
atom) 

Ro318220 -3.83 ± 15.24 -0.21 ± 0.01 -10.70 ± 8.03 -0.18 ± 0.02 
AZ960 -98.60 ± 10.83 -0.30 ± 0.01 -107.97 ± 11.24 -0.26 ± 0.01 

AZD5438 -96.00 ± 14.95 -0.26 ± 0.01 -109.44 ± 11.76 -0.27 ± 0.01 
1 -48.30 ± 22.38 -0.30 ± 0.01 -44.03 ± 19.61 -0.29 ± 0.01 
2 -78.59 ± 18.42 -0.33 ± 0.01 -68.79 ± 27.81 -0.29 ± 0.01 
3 -98.95 ± 10.89 -0.34 ± 0.01 -95.47 ± 27.68 -0.28 ± 0.01 
4 -79.86 ± 13.35 -0.35 ± 0.01 -68.41 ± 23.27 -0.31 ± 0.01 
5 -34.59 ± 13.44 -0.33 ± 0.01 -47.83 ± 11.71 -0.31 ± 0.01 
6 -21.37 ± 17.93 -0.28 ± 0.01 -34.82 ± 5.47 -0.28 ± 0.01 
7 -73.56 ± 19.08 -0.29 ± 0.02 -51.55 ± 41.98 -0.27 ± 0.01 

 
Table S22. Ligand binding energies and efficiencies of known inhibitors and constructed 
chemical compounds. Ligand efficiency calculated using all poses output energies from 
AutoDock Vina and heavy atom numbers with standard deviation. Binding energies 
evaluated using all pose outputs from AutoDock Vina and Schrödinger-Maestro Molecular 
Mechanics/Generalized Born Surface Area (MM-GBSA) feature to calculate energy of 
complexes with standard deviation. 
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3.1 Abstract 

Elevated cellular levels of the lipid signaling molecule, sphingosine-1-phosphate 

(S1P), are associated with a variety of diseases, including various cancers and fibrosis. S1P 

is the product of the class of enzymes, sphingosine kinases (SphK). SphKs exist in two 

isoforms, SphK1 and SphK2, and given their direct role in controlling cellular levels of 

S1P, are attractive targets in drug discovery. Exploring and distinguishing 

the SphK isoform binding sites to identify divergent structural morphologies is essential in 

developing isoform-selective inhibitors and elucidating more on the biological 

implications of native substrates, sphingosine and ATP, binding to SphKs. Atomistic 

molecular dynamics (MD) simulations were utilized in this work to determine the influence 

of sphingosine and ATP on SphKs in order to understand structural morphologies and 

determine binding pocket exploitability of these kinase isoforms. Our work offers insight 

into the overall structural stability of the SphK isoforms, providing evidence that the 

SphK2 homology model can be utilized as predictive computational tool for inhibitor 

design. We also identified an arginine-rich domain essential for ATP binding and a 

glutamate that could play the role of a catalytic aspartate. In sphingosine binding, SphK 

isoforms displayed similar protein-small molecule interaction patterns but provided insight 

into the importance of Ile174 in SphK1 and Val304 in SphK2 in binding differences. This 

work offers atomistic insight into the biological function of SphK isoform binding patterns 

as well as classifying structural features for exploitation in drug discovery.   
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3.2 Introduction 
 

Sphingosine-1-phosphate (S1P) is a regulatory lipid signaling molecule involved in 

cell growth, migration, physiology, and proliferation pathways.76, 131 Elevated cellular 

concentrations of S1P have been linked with diseases such as fibrosis,76, 132 Alzheimer’s 

disease,133 sickle cell anemia,134 multiple sclerosis,76, 135, 136 inflammation,76, 137 

cardiovascular disease,76, 138 and various types of cancers.139-142 S1P is formed by the 

phosphorylation of sphingosine by the class of enzymes, sphingosine kinases (SphKs). 

SphKs exist in two isoforms, sphingosine kinase 1 (SphK1) and sphingosine kinase 2 

(SphK2) (Figure 1), and are involved in the ceramide synthase and salvage pathways to 

control cellular concentrations of ceramide, sphingosine, and S1P.76 Ceramide, a precursor 

to many sphingolipid molecules, is an essential pro-apoptotic sphingolipid that is produced 

either via de novo synthesis or sphingolipid recycling.76, 143 Regulation of the ceramide/S1P 

ratio is essential in cell homeostasis and an imbalance can lead to disease.144, 145 

S1P stimulates a family of G-protein coupled receptors, the S1P receptors 

(S1PRs),146 and can be shuttled across the cell membrane by the spinster 2 homologue 

(Spns2) transporter.76 Spns2 and many of the S1PRs associated with S1P are involved in 

various diseases, such as multiple sclerosis76, 135 and fibrosis, 76, 132 and are involved in 

inflammation and autoimmune conditions, 76, 137 thus making the inhibition of S1P 

production an attractive approach for drug discovery. Control over the cellular 

concentrations of ceramide, sphingosine, and S1P are tightly regulated and are considered 

to be controlled “inside-out,” or act both intracellularly and extracellularly via autocrine or 

paracrine action.147, 148 The regulatory mechanism is influenced by the cellular levels of the 

sphingolipids, rather than the proteins, and can indirectly control the expression of 
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SphKs.149 Several studies have demonstrated that SphKs are independent of S1PRs 

intracellular activation, indicating that SphKs alone can influence cellular survival.148, 150, 

151  

SphKs are the only known enzymes that convert sphingosine into S1P, rendering 

them an attractive target for reducing subcellular concentrations of S1P.70 SphK1 and 

SphK2 are isoforms that differ in cellular localization and show 53% sequence similarity 

and 39% sequence identity.152 SphK1 is the smaller isoform, containing 384 amino acids 

and is localized to the cytoplasm,153 with known translocation into the plasma 

membrane.147, 154 SphK1 is found to be involved in cellular proliferation and, due to its role 

in cell migration, may aid in metastasis.139-142 SphK2 is comprised of 618 amino acids and 

contains a nuclear localization signal. This nuclear localization signal, predicted to be 

located at positions 122-130,155 primarily localizes SphK2 to the cell nucleus, endoplasmic 

reticulum, and mitochondria.147 Many studies have observed that SphK2 may hold an 

opposite role compared to SphK1,150 dependent on the subcellular localization,147, 150 and 

can potentially induce apoptotic pathways by increasing cellular levels of ceramide.150 For 

example, SphK2 localization in the nucleus holds anti-proliferation characteristics, 

preventing new synthesis of DNA.74, 147 Due to the contrasting roles of these two isoforms, 

it is essential to have a better understanding of their structural differences to aid in 

understanding the necessary and specific chemistry performed by these kinases and when 

developing isoform-specific inhibitors for therapeutic design given the role of both 

isoforms in cell proliferation and disease. 

In silico techniques can provide useful and atomistic insight for protein structure-

function relationships and aid in the drug discovery process. Computational techniques 
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have been used in previous studies to help aid in inhibitor development of SphKs, but to-

date, there are no computational studies that probe the influence of biological substrates 

(sphingosine and ATP) on protein structural dynamics. These insights can give us more 

understanding on biological roles by understanding the isoform structural differences and 

better directs our drug design efforts. Previous work has identified key residues in the 

sphingosine binding cavity essential for inhibition of SphKs through molecular docking 

and structural analysis.152 This study seeks to investigate the biological features of SphK 

isoforms, exploring the apo (no sphingosine or ATP bound), ATP-bound, and ATP-

sphingosine complex systems using MD simulations to develop a dynamic basis for SphK 

isoform protein structure-function relationship.  This work shows the overall structural 

integrity of the SphK1 crystal structure and the SphK2 homology model, insight into ATP-

binding patterns and the importance of an arginine-rich region, and then tells us more about 

the biological influences on the SphK isoforms protein dynamics, ultimately helping drug 

discovery for these unique targets. 

3.3 Materials and Methods 
 

3.3.1 Molecular Dynamics Simulations of SphKs 

Molecular dynamics (MD) simulations and system construction were performed 

using the GROMACS v2019.3 software suite.156 SphK1 structures used for the SphK1 MD 

simulation systems, downloaded from the Open Science Framework 

(https://osf.io/82n73/),152 are based on the PDB ID: 3VZB,157 which was modified by 

Worrell, et al. by transforming ADP from PDB ID: 3VZD157 to contain ATP by adding a 

phosphate to ADP.152 Homology model structure files of SphK2 containing 

ATP+sphingosine were downloaded from the work done in Worrell, et. al. from the Open 
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Science Framework (https://osf.io/82n73/)152 Systems containing SphK1 and SphK2 apo, 

ATP, and ATP+sphingosine structures were utilized in this work. The CHARMM36 March 

2019 release (CHARMM36m) force field was used.158 CHARMM general force field 

(GGenFF) webserver was used for ligand parameterization.159 Systems were solvated using 

the water model TIP3P160-162  modified for CHARMM and 0.150 M NaCl was  randomly 

added to the solvent to neutralize the system and reflect a standard, biological ionic 

concentration.163, 164 Energy minimization was implemented using the steepest descent 

minimization algorithm with a maximum force of 1000 kJ mol-1 nm-1. Four replicates of 

each system (apo, ATP-only, and ATP+sphingosine) for each isoform were created at the 

onset of equilibration using different random velocities in the first equilibration phrase. 

Equilibration was completed in two phases, first at 300 K for 100 ps using a canonical 

(NVT) ensemble with an integration time step of 2 fs using the v-rescale modified 

Berendsen coupling method.165 Secondly, an isothermal-isobaric (NPT) ensemble was 

applied to maintain pressure (1 bar) and temperature (300 K) for 100 ps  using the 

Berendsen165 pressure coupling method.  Restraints were placed on the protein and 

substrate for both phases of equilibration. Production simulations removed all protein and 

substrate restraints and were run using the Parrinello-Rahman166, 167 barostat pressure 

coupling and V-rescale temperature coupling method168 at 300 K and 1 bar. Parallel Linear 

Constraint Solver (P-LINCS) was used as the fourth order algorithm parallel constraints to 

provide constraints on bonds involving hydrogens.169 Neighbors lists were  calculated 

using the Verlet170 cutoff-scheme using neighboring grid cells with a cutoff of 1.2 nm for 

nonbonded interactions. Electrostatic forces were calculated using the smooth particle 

mesh Ewald171, 172 method, which included using a Fourier grid space of 0.16 nm and cubic 
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interpolation. Periodic boundary conditions in the x, y, and z dimensions. All systems for 

both SphK1 and SphK2 isoforms contained four replicates and were simulated for a total 

of 1000 ns (1 µs) for each replicate of every system and isoform. Analysis was performed 

over the last 250 ns of each simulation based on root mean-square deviation (RMSD) 

convergence representing a total of 12 µs of aggregated, sampled data in this work. 

3.3.2 MD Analysis  

Analysis of all trajectories was performed with GROMACS156 and Schrödinger-

Maestro. Clustering of the simulation structures to generate dominant morphologies that 

were then used in subsequent analysis was performed by clustering each replicate of each 

system over the last 250 ns, with a backbone RMSD cutoff of 0.2 nm. This procedure for 

clustering was established by  Daura, et al.173 and produced dominant morphologies that 

represented the converged simulation (Figure S2-S3, Table S1). A further analysis was 

performed to determine the deviation between each replicate’s dominant morphology to 

determine a representative structure for additional structural analysis by taking the RMSD 

of each structure using PyMOL116 (Table S2-S4). All four replicates were analyzed and 

combined by taking the calculated averages and standard deviations. Analysis was 

performed across each isoform systems and then across isoforms to determine similarities 

and differences between structures and understand the influence on native substrate 

binding. Schrödinger-Maestro Suite (v. 2020-1)115 was used to evaluate Molecular 

Mechanics/Generalized Born Surface Area (MM-GBSA) binding energies and protein-

substrate interactions through Fingerprinting with Canvas.174 MetaPocket 2.0 webserver113 

was used to identify binding pockets and pocket volume was calculated using MetaPocket 

output in UCSF Chimera.114 Visualization and rendering of images were performed using 
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PyMOL.116 Simulation input files and scripts can be found at our Open Science Framework 

page (https://osf.io/82n73/). 

3.4 Results and Discussion 
 

Assessing and probing the role of protein dynamics on the structure-function 

relationship of sphingosine kinases (SphKs) is important given the unique and specific 

chemistry that these kinase isoforms perform. Biologically, these kinases and their 

substrate/products are involved in a variety of signaling cascades that greatly influence 

cellular function. 76, 131  The biological influences the native molecules, sphingosine and 

ATP, and the subsequent impact the protein morphology of SphKs can shed light on 

binding mechanics and kinase activity control. In turn, this base knowledge of biological 

dynamic influence by substrate presence can also suggest aspects that can be utilized in 

drug discovery and inhibitor design. Given limitations of molecular docking, sampling 

only energetically favorable binding positions of flexible substrates and ligands on a static 

protein structure,  molecular dynamics (MD) simulations can provide further insight into 

amino acids essential in substrate and ligand binding, influence of native substrates on 

protein structure, and connect biological aspects of the protein structure-function 

relationship of SphKs to drug design.  

Previous studies have investigated protein dynamics of SphKs but have focused on 

integrating computational and experimental work to aid in inhibitor design, and none have 

computationally explored the influence of biological substrates on protein dynamics of 

SphKs.175-185 This work branches from the work previously performed using MD 

simulations and probes the biological applications of each SphK isoform structural 

morphology in three systems: apo (protein only), ATP-only bound, and an ATP-
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sphingosine bound system. These systems highlight the multiple states that SphKs can 

function biologically, as well as allow for comparisons between substrates bound and 

between isoforms. MD simulations can also offer an understanding into the structural 

morphology changes influenced by protein and small molecule interactions. In 

investigating the dynamic changes in protein structures, we explore the structural dynamics 

that occur as a result of native substrate presence and identify dynamic movement that 

might implicate the influence of structural differences on the biological roles of these 

kinases. We identify new residues predicted to be essential in ATP-sphingosine binding 

and connect structural and binding differences between the SphK isoforms, highlighting 

their isoform specific differences. Collectively, this work provides a deeper understanding 

in the structural differences of these SphK isoforms and determine new exploitable features 

for isoform-selective inhibitor design for drug discovery. 

3.4.1 Influence of ATP and Sphingosine on SphK Isoform Structural Morphology  

Investigation into the overall structural morphology changes influenced by the 

native substrates, ATP+sphingosine, on the SphK isoforms can aid in understanding the 

implication of structural dynamic changes on potential biological functions. MD 

simulations  in this work were built using the all-atom force field built for proteins, 

CHARMM36m, due to the recent advancements in protein folding and validation against 

NMR data, as well as the ability to incorporate inhibitors and other small molecules in 

future works.158, 186 To determine system stability and simulation convergence, root mean-

square deviation (RMSD) was calculated over the entire simulation (Figure S1) and 

represents convergence of each system by 750 ns for all systems. Other systems reached 

convergence, which is defined as having not statistically variant RMSD from previous time 
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points, at earlier time points and maintained convergence until the end of the simulation. 

Therefore, to equally sample over each replicate, simulation system, and per isoform, the 

last 250 ns of simulation time was aggregated across replicates for all analysis. Dominant 

morphologies for each replicate of each system were generated using RMSD clustering on 

the protein backbone, with a cut-off of 0.2 nm (Figure S2-S3). Subsequently, to compare 

within and across isoforms, a dominant morphology from each system and isoform was 

calculated using RMSD of the protein structures and small molecules across the last 250 

ns (Table S1-S4). RMSD showed stable structures for SphK1 through most of the 

simulation, but the last 250 ns were used to best compare against SphK2 systems which 

have a larger, more dynamic loop region. The structure with the median RMSD was chosen 

as a representative for cross system analysis. Dominant morphology percentages for the 

most representative structures of SphK1 apo, ATP bound, and ATP+sphingosine bound 

systems were 89.0%, 99.9%, and 79.1%, respectively (Figure 2). The most representative 

structures of SphK2 apo, ATP bound, and ATP+sphingosine bound systems dominant 

morphology percentages were 28.3%, 35.8%, and 8.90%, respectively (Figure 2). The low 

cluster percentage in the SphK2 ATP+sphingosine bound system is due to the size of the 

loop region but displays the most similarity between replicates. The dominant morphology 

percentages, coupled with the RMSD analysis indicate the systems are stable and 

representative of the SphK structures and evaluation of the last 250 ns are suitable for 

structural analysis, discussed below.  

Residue fluctuation as a result of the presence of either ATP and/or sphingosine 

binding on SphK isoforms was evaluated by using root mean-square fluctuation (RMSF) 

(Figure S4-S5). Averages across replicates were taken to better understand the fluctuation 



 
 

102 
 

and standard deviation (Figure S4-S5) per system and across isoforms. For SphK1 apo, 

regions with high fluctuation are observed in residue regions 175–200, 210–240, and 260–

280. Investigating the protein structure, the amino acids in regions 175–200 are in the α7-

α8 helix loop region, a region involved in sphingosine binding as well an important region 

in ubiquitination leading to proteasomal protein degradation in SphK1 via ubiquitination 

at Lys183.187 Regions 210–240 are in the domain containing an elongated random coil 

region, also referred to as the regulatory loop or the “R-loop.”188 Residues 260 – 280 is an 

area rich in random coils between the N-terminal and C-terminal lobes within the active 

site, containing both the ATP and sphingosine binding regions. SphK1 ATP systems 

displayed fluctuation with similar intensity to SphK1 apo systems in residue region 210–

240, and the elongated random coil region, while the residue region 175–200, the α7-α8 

helix loop, and region 260–280, the random coil in the active site, are measurably lower 

and show less fluctuation, with an average of 0.2 nm and 0.3 nm lower RMSF values, 

respectively (Figure S4-S5) in comparison to SphK1 apo structures. The lack of fluctuation 

in regions identified from SphK1 ATP systems, such as in the α7-α8 helix loop and the 

random coil in the active site, indicates that these regions may be anchored by ATP binding, 

reducing structural flexibility (Figure S4-S5). When sphingosine is introduced to the 

SphK1 ATP + sphingosine system, there is minimal difference in the fluctuation in the α7-

α8 helix loop and elongated random coil region compared to the SphK1 ATP systems, 

while the random coil (residues 260-280) in the active site fluctuates more similarly to the 

SphK1 apo system. In SphK2 systems, RMSF showed high fluctuation in nearly all regions 

between residues 350-475. This entire region is encompassed by the elongated random coil 

region of SphK2, hypothesized to be important in membrane binding and contains a nuclear 
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export sequence.189, 190 All SphK2 systems had fluctuation between residues 300 - 340, 

which is the α7-α8 helix loop, and between 510-530, the random coil in the active site. This 

aligns with the fluctuations observed in the SphK1 systems indicating the importance of 

these domains in substrate binding. In the SphK2 systems, the only region with differences 

compared to the SphK1 systems is a fluctuation peak between residues 575-585. This 

fluctuation is larger in SphK2 apo and ATP+sphingosine bound systems, with 

approximately 0.1 nm increase in residue fluctuation than the ATP bound system. In SphK2 

apo, this peak is extended to residues 600, containing domains closer to the sphingosine 

binding site of the protein. Residues 585-600 have a larger fluctuation by 0.1 nm for SphK2 

ATP bound systems and 0.2 nm for SphK2 ATP+sphingosine bound systems. Given the 

increase in residue fluctuation in this region (residues 585-600), it is hypothesized ATP 

and sphingosine binding are the influencing these fluctuation differences. Residue 

positions 575-585 is occupied between two β sheets, which are solvent exposed and outside 

of the binding cavity and are likely have movement due to solvent accessibility. Given the 

observed fluctuations in the α7-α8 helix loop and the random coil within the active site in 

both SphK isoforms and the fluctuation occurring solely in SphK2 region 585-600 this 

information shows these areas could be playing an important role on structural morphology 

changes upon small molecule binding.  

To understand the structural changes potentially influenced by ATP and/or 

sphingosine binding, secondary structure of each kinase was analyzed over the last 250 ns 

(Table 1, Table S5). The SphK1 apo structure consist of 28 ± 1% α helices, 29 ± 1% β 

strands, and 43 ± 1% random coils. The SphK2 apo structure consist of 24 ± 1% α helices, 

20 ± 2% β stands, and 56 ± 3% random coils (Table 1). The larger percentage of random 
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coils is likely influenced by the elongated random loop region in SphK2, where in SphK1 

it is 40 amino acids in length while in SphK2 it is nearly 150 amino acids in length. The 

SphK1 ATP bound structure consist of 29 ± 1% α helices, 29 ± 0% β strands, and 43 ± 1% 

random coils. The SphK2 ATP bound structure consist of 25 ± 1% α helices, 21 ± 1% β 

strands, and 54 ± 1% random coils (Table 1). The SphK1 ATP+sphingosine bound 

structure consist of 39 ± 1% α helices, 29 ± 0% β strands, and 42 ± 1% random coils. The 

SphK2 ATP+sphingosine bound structure consist of 25 ± 0% α helices, 21 ± 1% β strands, 

and 55 ± 1% random coils (Table 1). While there appears to be a vast amount of disorder 

with the random coils in the SphK2 systems, the overall structure is generally stable as 

demonstrated through this secondary structure analysis, RMSD, and RMSD clustering. It 

is hypothesized that the elongated random coil region, from residues 210–240 in SphK1 

and 350-475 in SphK2, have a purpose in SphK2, such as membrane interactions or 

forming complexes with other proteins,188, 190 which require  further exploration. Due to 

the minimal secondary structure deviation from starting structures for each isoform and 

each system, this indicates that the crystallized structure and the homology model 

structures maintains overall structural stability and were useful for previous molecular 

docking experiments.152  

Radius of gyration and eccentricity were calculated to evaluate the overall structural 

compactness and shape of the protein structures. Radius of gyration (Rg) was obtained at 

the onset of simulations and also as an average over the last 250 ns of simulation time from 

all system replicates (Table S6). SphK1 apo system was calculated to have a starting Rg of 

2.0 nm and ending Rg of 2.1 ± 0.01 nm. SphK2 apo system was calculated to have a starting 

Rg of 2.4 nm and ending Rg of 2.4 ± 0.03 nm. SphK1 ATP bound system was calculated to 
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have a starting Rg of 2.0 nm and ending Rg of 2.1 ± 0.01 nm. SphK2 ATP bound system 

was calculated to have a starting Rg of 2.4 nm and ending Rg of 2.4 ± 0.02 nm. SphK1 

ATP+sphingosine bound system was calculated to have a starting Rg of 2.0 nm and ending 

Rg of 2.1 ± 0.01 nm. SphK2 ATP+sphingosine bound system was calculated to have a 

starting Rg of 2.4 nm and ending Rg of 2.4 ± 0.03 nm. The increase in Rg in all the systems 

from start to end of the simulation is likely due to protein relaxing in the solvent 

environment and further readjustment of loop regions. Initially we hypothesized that, upon 

substrate binding, SphK isoforms would increase in compactness, but interestingly no 

compaction occurred around sphingosine and ATP binding domains. Comparing the 

SphK1 and SphK2 systems, SphK1 systems are more compact compared to the SphK2 

systems (Table S6). This is likely the influence of the elongated random coil regions in 

SphK2 and eccentricity can help identify if compactness is influenced by the overall shape 

of the structure. Eccentricity was calculated using the following equations:  

=
2
5
( + ) 

=
2
5 ( + ) 

=
2
5 ( + ) 

= 1 −  

Comparing the eccentricity values across the SphK1 systems, the eccentricity stays 

generally consistent (Table S7). Comparing the SphK2 systems, SphK2 apo system has 

the smallest eccentricity at 0.74 ± 0.2, indicating the most spherical system, while SphK2 

ATP bound system has the largest eccentricity at 0.82 ± 0.1, indicating the most 

Inertia 

Eccentricity 
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oblong/elliptical system. SphK2 with ATP+sphingosine bound is between the apo and ATP 

bound systems, at 0.78 ± 0.1. Collectively with Rg values, it is observed SphK1 may not 

undergo any conformational changes with respect with substrate binding, while SphK2 

may prompt slight conformational changes to accommodate substrate binding. To further 

support these influences on the structural morphology of SphK isoforms, Solvent-

Accessible Surface Area (SASA) can be explored.  

SASA indicates protein surface regions and residues that are accessible for 

interacting with solvent molecules, which can further investigate structural morphology 

changes in protein structures. Specifically, the rotameric changes of the residues in the 

binding cavity of ATP+sphingosine can be assessed to determine if they stabilize or 

promote substrate binding. SphK1 apo system had a total SASA of 172 ± 3 nm2 with 87 ± 

2 nm2 contributing from hydrophobic and 85 ± 2 nm2 from hydrophilic surface areas (Table 

2). SphK1 ATP bound system had a total SASA of 165 ± 3 nm2 with 83 ± 2 nm2 

contributing from hydrophobic and 83 ± 2 nm2 from hydrophilic surface areas (Table 2). 

Interestingly, with ATP bound to SphK1, it appears that there is a smaller total protein 

SASA. Considering the SphK1 Rg, eccentricity, and secondary structure indicates that there 

are likely no major conformational changes occurring due to substrate binding in any 

system, it is possible that ATP binding influences rotameric position of residues, but not 

necessarily major backbone movement. SphK1 ATP+sphingosine bound systems had a 

total SASA of 173 ± 3 nm2 with 88 ± 2 nm2 contributing from hydrophobic and 85 ± 2 nm2 

from hydrophilic surface areas. The SphK1 apo system and SphK1 ATP+sphingosine 

systems are similar in SASA characteristics. Similar patterns in SASA were observed when 

comparing SphK2 systems. SphK2 apo system had a total SASA of 238 ± 6 nm2 with 131 
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± 4 nm2 contributing from hydrophobic and 108 ± 3 nm2 from hydrophilic surface areas. 

SphK2 ATP bound system had a total SASA of 236 ± 5 nm2 with 131 ± 33 nm2 contributing 

from hydrophobic and 105 ± 3 nm2 from hydrophilic surface areas. SphK2 

ATP+sphingosine bound system had a total SASA of 240 ± 5 nm2 with 134 ± 4 nm2 

contributing from hydrophobic and 106 ± 2 nm2 from hydrophilic surface areas. With all 

the SphK systems having low differences SASA values, this further confirming there are 

no large conformational changes influenced by native substrate binding but could present 

interesting information on the residue level. 

SASA per residue was analyzed to obtain a deeper understanding on the ATP and 

sphingosine binding on the structural morphology of SphK isoforms (Figure S6). In SphK1 

systems, SASA differences occur noticeably in Asp81, an identified essential residue in 

enzymatic activity,157 where it has a decrease in 0.21 ± 0.14 nm2 in SASA in ATP bound 

system and decrease of 0.26 ± 0.13 nm2 in the ATP+sphingosine bound system. In the 

SphK2 systems, Asp211, which is the residue position equivalent of Asp81 in SphK1, also 

saw a difference in SASA, with a decrease in 0.06 ± 0.18 nm2 in ATP systems and decrease 

0.70 ± 0.14 nm2 in ATP+sphingosine systems. These SASA changes in an essential 

catalytic residue supports that with SphK1 ATP bound and ATP+sphingosine bound 

systems and the SphK2 ATP+sphingosine bound systems, the active site is becoming less 

solvent-accessible. The area rich in random coils between the N-terminal and C-terminal 

lobes, residues 260 – 280 in SphK1 and residues 510-530 in SphK2, also contains notable 

changes in SASA. In SphK1 compared to apo systems, ATP bound systems have a decrease 

in 2.66 ± 0.71 nm2 SASA and ATP+sphingosine bound systems have an increase in 0.23 ± 

0.78 nm2 SASA. In SphK2 compared to apo systems, ATP bound systems have an increase 
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in 1.30 ± 0.71 nm2 SASA and ATP+sphingosine bound systems have an increase in 0.12 ± 

0.70 nm2 SASA. This indicates the random coils in this region to be most influenced by 

ATP binding, being attracted to ATP in SphK1 and repelled in SphK2. Lastly, the largest 

SASA region changes are within the α7 helix in SphK1 residues 186-200 and SphK2 

residues 300-315. In SphK1 compared to the apo system, ATP bound systems had a 

decrease in 0.77 ± 0.66 nm2 SASA and ATP+sphingosine bound system had an increase in 

0.38 ± 0.66 nm2 SASA within the α7 helix region. For the SphK2 systems compared to 

apo, ATP bound systems had a decrease in 1.75 ± 0.54 nm2 SASA and ATP+sphingosine 

bound systems had a decrease in 0.60 ± 0.52 nm2 SASA values within the α7 helix. The α7 

helix may be more important in sphingosine binding in SphK2 than in SphK1. These data 

support that SASA is overall decreased within the active site of both SphK isoforms upon 

ATP binding (Figure S6). Measurements of the overall pocket volume of the kinase 

domain can support this claim and further highlight the influence of residues in both the 

ATP+sphingosine binding cavity that are influenced by either native substrate presence. At 

the biological level, this is relevant and can provide a deeper understanding in the kinetic 

differences between the SphK isoforms.136  

Binding pocket volume was used to determine if the SASA per residue area value 

changes were due to the binding cavity availability and to determine how the binding 

pockets of both ATP+sphingosine changed in relation to the crystallized and homology 

model structures. The crystal structure and homology model of SphK1 and SphK2 were 

found to have binding pocket volumes of 538 Å3 and 443 Å3, respectively, as based on 

previous work.152 The major takeaway from this work was that SphK1 had a larger binding 

cavity, as based on the difference of two residues in the sphingosine binding cavity. 
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Metapocket 2.0 webserver113 was used to identify binding pocket clusters and results were 

visualized in Chimera to calculate total volume of the clustered regions in the sphingosine 

binding domain. The SphK1 apo, ATP bound, and ATP+sphingosine bound systems had 

volumes of 1137 ± 166 Å3, 1039 ± 128 Å3, and 1079 ± 146 Å3, respectively (Table S8). 

This indicated the binding of ATP+sphingosine both induced a reduction in the binding 

cavity of SphK1. Considering the α7-α8 helix loop fluctuation changes in the systems, the 

smaller sphingosine binding pocket could be influence by the anchoring of this region 

closer to the sphingosine binding region. SphK2 apo, ATP bound, and ATP+sphingosine 

bound systems had volumes of 896 ± 184 Å3, 1042 ± 398 Å3, and 1189 ± 261 Å3, 

respectively (Table S8). Previous work indicated that the SphK2 sphingosine binding 

cavity was smaller as compared to SphK1; however, in both SphK1 and SphK2 systems in 

this work, there is enlargement of both binding pockets, indicating that the structural 

morphologies from crystallography and modeling did adapt to the presence of a substrate 

or inhibitor.152, 157  From the volume calculation, the SphK2 binding pocket for sphingosine 

binding expands when compared to the SphK2 apo system, opposite of what is seen in 

SphK1. There are distinct characteristic differences within the binding cavity of SphK1 

and SphK2, potentially causing pocket volume changes in the presence of the biological 

substrates. This could be influenced by the residue changes within the sphingosine binding 

cavity, such as Ile174 and Phe288 in SphK1 vs Val304 and Cys533 in SphK2, identified 

in Worrell, et al.,152 providing a deeper understanding into the distinguishing roles of SphK 

isoforms and offer perspicacity for future isoform-specific drug design.  

The structural analysis performed through evaluating secondary structure, RMSD, 

RMSF, Rg, eccentricity, SASA, and pocket volume shows the stability of the structural 
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morphology in the kinase domain as based on previous crystal and homology model 

structures. Importantly, this shows that the SphK2 homology model is stable and a provides 

a useful tool for drug discovery aspects until a crystal structure can be solved. This work 

has also shown the SphK isoforms display distinguishing structural changes in the α7-α8 

helix loop and random coils between the N-terminal and C-terminal lobes occurring within 

the active site, influenced by native substrate binding, providing potential insight into 

differentiating biological roles. Understanding the effects of native substrate binding in 

more detail on the SphK isoforms will provide further insight into substrate binding 

mechanisms.  

3.4.2 SphK Isoform Interaction Analysis with ATP and Sphingosine Molecules 

MD simulations with the biological substrates for the SphK isoforms can reveal 

amino acids essential in substrate binding and features distinct that can be exploited for 

isoform-selective inhibitor design. Evaluation of the protein dynamics on the binding 

cavity of each isoform due to the influence of ATP+sphingosine can help identify isoform-

specific features. Analysis of the total amount of hydrogen bonds and other interactions 

between the protein and small molecules coupled with protein-small molecule analysis of 

each substrate can identify regions within the binding cavity essential in the divergent 

SphK isoform biological roles, implications in SphK isoforms in diseases, and can be 

exploited for drug discovery.  

Hydrogen bond analysis was performed on the SphK ATP bound and SphK 

ATP+sphingosine bound systems (Figure S7). SphK1 ATP bound system contained an 

average of 6 ± 1 hydrogen bonds across replicates with ATP. SphK2 ATP bound system 

also contained an average of 6 ± 1 hydrogen bonds across replicates with ATP. SphK1 
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ATP+sphingosine bound system contained an average of 6 ± 1 hydrogen bonds across 

replicates with ATP. SphK2 ATP+sphingosine bound system contained an average of 8 ± 

2 hydrogen bonds across replicates with ATP. This could indicate more hydrogen bonding 

features surfacing as influenced by the presence of sphingosine in SphK2 to facilitate the 

phosphotransfer reaction between ATP to sphingosine. SphK1 ATP+sphingosine bound 

system contained an average of 1 ± 0 hydrogen bonds across replicates with sphingosine. 

SphK2 ATP+sphingosine bound system also contained an average of 1 ± 0 hydrogen bonds 

across replicates with sphingosine. This is expected since sphingosine contains a lipid base 

with a polar head and requires hydrophobic interactions to bind to the active site. The 

essential interactions between the SphK isoforms and sphingosine are likely contained in 

the hydrophobic channel within the binding cavity. To further investigate sphingosine 

binding in the MD simulations, more detailed protein-small molecule interactions must be 

considered.  

Protein-small molecule interactions were explored using the Schrödinger-Maestro 

Suite (v. 2020-1) fingerprinting tool. This software allows for identification of electrostatic, 

hydrophobic, polar neutral, and backbone interactions that could be influencing 

sphingosine binding. Amino acids essential for ATP binding in kinases are a lysine or 

arginine to facilitate the γ-phosphate transfer, a cation-binding aspartate, and a catalytic 

aspartate.1, 17 SphK isoforms are unlike other kinases and do not contain the VAIK, DFG, 

or HRD kinase motifs. Site-directed mutagenesis experiments have determined Asp81 in 

SphK1 as an essential residue for catalytic activity,157 but that is the only potential insight 

into sphingosine-binding essential residues. In the energy minimized, or starting structure, 

SphK1 ATP-bound system, ATP interacted with the charged residues Arg24, Glu86, 
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Arg185, Arg191, and Glu343. In the SphK1 ATP-bound system cluster structures, ATP 

interacted with the charged residues Arg56, Arg57, Asp81, Asp178, Arg185, Arg191, and 

Glu343 (Figure 3, Table S9). In the energy minimized SphK2 ATP-bound system, ATP 

interacted with the charged residues Glu216, Arg315, Arg321, and Glu588. In the SphK2 

ATP-bound system cluster structures, ATP interacted with the charged residues Arg157, 

Asp211, Arg315, Arg321, and Glu588 (Figure 3, Table S9). In ATP only systems, this 

shows the importance of having negatively-charges region, consisting of arginine rich 

domain, for ATP binding in both SphK1 and SphK2 structures. With typical kinases 

consisting of interactions with catalytic aspartates,1, 17 it is possible that the interactions 

with glutamates could be replacing or supplementing aspartate interactions to support 

catalytic activity. In the energy minimized SphK1 ATP+sphingosine bound system, ATP 

interacted with the charged residues Arg24, Glu86, Arg185, Arg191, and Glu313. In the 

SphK1 ATP+sphingosine bound system cluster structures, ATP interacted with the charged 

residues Arg24, Arg57, Glu86, Arg185, Arg191, and Glu343 (Figure 3, Table S9). In the 

energy minimized SphK2 ATP+sphingosine bound system starting structures, ATP 

interacted with the charged residues Glu216, Arg315, Arg321, and Glu588. In the SphK2 

ATP+sphingosine bound system cluster structures, ATP interacted with the charged 

residues Arg157, Arg315, Arg321, and Glu588 (Figure 3, Table S9). Both SphK isoform 

interactions with ATP are the overall same between the ATP bound system and the 

ATP+sphingosine bound system, except for a loss of the interaction with the essential 

catalytic aspartate, Asp81 in SphK1 and Asp211 in SphK2, in the ATP+sphingosine bound 

systems. This suggests that Asp81 in SphK1 and Asp211 in SphK2 is important for 

recruiting ATP into the active site but may play a different role in the phosphotransfer 



 
 

113 
 

reaction. SphK1 Glu343 and SphK2 Glu588 show promising importance in ATP binding. 

Investigating the binding cavity and comparing the apo, ATP bound, and ATP+sphingosine 

bound systems, SphK1 Glu343 and SphK2 Glu588 move towards the γ-phosphate of ATP, 

most distinctly in SphK2 systems, signifying potential importance in γ-phosphate cleavage 

(Figure 3). From these interactions, its potential that rather than catalytic and ion-orienting 

aspartates, SphK isoforms may utilize glutamate residues for catalytic activity as well and 

a heavy presence of arginine residues for ATP binding.  

Interestingly, Arg185 in SphK1 and Arg315 in SphK2 are located on the α7-α8 

helix loop. Evaluating the movement of the Arg185 in SphK1 and Arg315 in SphK2 by 

comparing the apo, ATP bound, and sphingosine bound systems, Arg185/Arg315 moves 

considerably towards ATP in the ATP bound system and the ATP+sphingosine bound 

system (Figure 3). It is possible that the ATP-Arg interactions anchors the α7-α8 helix 

loop, reducing the overall fluctuation of that domain (Figure S4). This interaction also may 

be influencing the total SASA in the structures (Table 2). The decrease of SASA in the 

ATP+sphingosine bound systems in both isoforms supports the native substrate binding 

influence the α7-α8 helix loop to be anchored in place by the ATP-Arg interactions, 

reducing structural fluctuation. This information could provide useful insight into protein 

breakdown through proteasomal degradation via ubiquitination of Lys183 in SphK1, 

displaying that low cellular levels of ATP could lead to more loop variability, prompting 

pathways for degradation.  

Key residues for sphingosine binding, identified in Worrell, et al. 152 for SphK1 are 

Asp81, Ser168, Ile174, Asp178, Phe288, Phe303, His311, and Tyr321 and for SphK2 are 

Asp211, Ser298, Val304, Asp308, Cys533, Phe548, His556, and Tyr566.152 After energy 
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minimization through MD setup, SphK1 ATP+sphingosine system had interactions with 

the key residues Ser168, Ile174, Asp178, and Phe303 (Figure 4, Table S10). SphK2 

ATP+sphingosine system interacted with key residues Ser298, Val304, Asp308, and 

His556. In the SphK1 ATP+sphingosine bound system dominant morphologies, 

sphingosine interacted with the key residues Ile174, Asp178, Phe288, and Phe303 in two 

or more reps. Additionally, sphingosine interacted with Phe192 and Met306 in SphK1. In 

the SphK2 ATP+sphingosine bound system dominant morphologies, sphingosine 

interacted with the key residues Phe303, Asp308, Cys533, and Phe548 (Figure 4, Table 

S10). Sphingosine also interacted with Phe322 and Met551 in SphK2. Comparing the 

SphK isoforms interactions with sphingosine, both interact with similar residues: one 

negatively charged residue (Asp178 in SphK1 and Asp308 in SphK2), three aromatic 

residues (Phe192, Phe288, and Phe303 in SphK1 and Phe303, Phe322, and Phe548 in 

SphK2), and a methionine (Met306 in SphK1 and Met551 in SphK2). Outside of identified 

key residues, new residues were identified through the protein-substrate interaction 

analysis by identifying residues that had interactions in three or more replicates. In SphK1, 

Phe192, Leu268, and Met306 have interactions with sphingosine. In SphK2, Phe322, 

Leu513, and Met551 have interactions with sphingosine. These residues are shared in both 

the SphK isoforms, indicating them as new potential key residues in sphingosine binding. 

While these residues do not indicate exploitable features, the exceeding similarities 

between SphK1, a crystallized protein structure, and SphK2, a computationally solved 

structure, it provides insight that the SphK2 homology model it is to be expected similar to 

the biological structure and a useful model in future drug discovery applications.  
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Previous work has identified the Ile174 in SphK1 and Val304 in SphK2 as being 

essential in dictation isoform specificity for drugs.152 While the majority of the interactions 

are similar between the SphK isoforms, the importance of SphK1 Ile174 and SphK2 

Val304 are evident in this work. In SphK1 ATP+sphingosine systems, Ile174 interacts with 

sphingosine in two of the four replicates (Figure 4). In SphK2 ATP+sphingosine systems, 

Val304 did not interact with any of the replicates. This displays a larger importance in 

Ile174 in the SphK1 hydrophobic channel than Val304 in SphK2. Further evaluation of the 

influence on Ile174 on SphK1 and Val304 on SphK2 sphingosine binding should be 

explored.  

3.5 Conclusion 
 

MD simulations were used to provide insight into binding pocket flexibility and 

establishing how residue interactions change in different biological systems. Taken 

together, this work seeks to develop a better understanding of the binding mechanics for 

biological substrates of SphKs, ATP and sphingosine, to help aid in development of more 

efficacious isoform-specific inhibitors and their rationale for design. Here, we show that 

SphK isoforms do not have the typical kinase ATP binding motifs, but instead contain an 

arginine-rich, ATP binding region with three potential leads for catalytic activity in the 

active site, such as Asp81, Asp178, and Glu343 in SphK1 and Asp211, Asp308, and 

Glu588 in SphK2. From our MD simulations, we discovered the α7-α8 helix loop 

fluctuation is influenced by the ATP presence, between the apo (no sphingosine or ATP 

bound), ATP-bound, and ATP-sphingosine complex systems supporting that ATP binding 

changes the positioning of Arg185 in SphK1 and Arg315 in SphK2, anchoring the α7-α8 

helix loop to stabilize substrate binding. In sphingosine binding, the most important 
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components for binding include Asp178, Phe192, Phe288, Phe303, and Met306 in SphK1 

and Asp308, Phe303, Phe322, Phe548, and Met551 in SphK2. Binding similarities in the 

SphK1 crystal structure and the SphK2 homology model supports the SphK2 structure as 

a valid predictor of future drug discovery practices. Additionally, further emphasis on key 

residues identified for exploitation between SphK isoforms are Ile174 in SphK1 and 

Val304 in SphK2. Future experiments should explore the influences Ile174 and Val304 

have on known inhibitors. This work provides the biological foundation for understanding 

ATP and sphingosine binding characteristics and their influence on the structure of SphK1 

and SphK2, which in turn can be used for future drug discovery research.  
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3.7 Main Figures and Tables 
 
 

 
Figure 1. Structural features of SphK isoforms in the energy minimized starting structures. 
A. SphK1 and B. SphK2. Both structures represented in cartoon with ATP shown in stick. 
Blue star represents the ATP binding domain and the yellow start represents the 
sphingosine binding domain. 
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Figure 2. SphK1 and SphK2 dominant morphologies over the last 250 ns of each simulation 
as based on backbone RMSD clustering. RMSD between replicates of each system was 
performed and the replicate with the lowest RMSD was chosen as the representative 
morphology of the simulation system. For the replicate chosen as representative of the 
system, the center structure of the largest cluster, representing the largest number of frames 
sampled, is shown. Percent size of the cluster is shown in the bottom right of each replicate. 
Sphk1 and SphK2 are shown as cartoon, color maroon and teal respectively, with ATP and 
sphingosine shown as sticks and colored by element. Mg2+ is shown as a green sphere. 
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Table 1. Average Percent Secondary Structure throughout SphK system simulations.  
Structure α Helix β Sheet Coil 

SphK1 apo 28 ± 1 29 ± 1 43 ± 1 
SphK1 ATP 29 ± 1 29 ± 0 42 ± 1 
SphK1 ATP + sphingosine 29 ± 1 29 ± 1 42 ± 1 
SphK2 apo 24 ± 1 20 ± 2 56 ± 3 
SphK2 ATP 25 ± 1 21 ± 1 54 ± 1 
SphK2 ATP + sphingosine 25 ± 1 21 ± 1 55 ± 1 

Percent secondary structure for SphK systems averaged over the final 250 ns of four replicates for a 
cumulative sampling time of 1000 ns with corresponding standard deviations. 
 
 
Table 2. Solvent Accessible Surface Area (SASA) of SphK structures from system 
simulations. 

System Hydrophobic 
(nm2) 

Hydrophilic 
(nm2) 

Total SASA 
(nm2) 

SphK1 apo 87 ± 2 85 ± 2 172 ± 3 
SphK1 ATP 83 ± 2 83 ± 2 165 ± 3 
SphK1 ATP + Sphingosine 88 ± 2 85 ± 2 173 ± 3 
SphK2 apo 131 ± 4 108 ± 3 238 ± 6 
SphK2 ATP 131 ± 3 105 ± 3 236 ± 5 
SphK2 ATP + Sphingosine 134 ± 4 106 ± 2 240 ± 5 

Average over final 250 ns of four replicate trajectories for a cumulative sampling time of 1000 ns, with 
corresponding standard deviations. 
 
 
Table 3. Total number of hydrogen bonds between SphK isoforms and ligands from the 
SphK system MD simulations 

Ligand System Number of Hydrogen Bonds 

ATP 

SphK1 ATP 6 ± 1 
SphK1 ATP + Sphingosine 6 ± 1 
SphK2 ATP 6 ± 1 
SphK2 ATP + Sphingosine 8 ± 2 

Sphingosine 
SphK1 ATP + Sphingosine 1 ± 0 
SphK2 ATP + Sphingosine 1 ± 0 
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Figure 3. ATP binding domain overlaid structures of most representative structures of 
SphK isoform apo, ATP bound, and ATP+sphingosine bound systems showing residue 
positionings. A. SphK1 with interacting residues shown in stick. Apo colored in darkest 
red, ATP bound system colored in medium red, and the ATP+sphingosine system colored 
in the lightest shade of red. ATP colored purple and by atom type with magnesium 
displayed as sphere colored in green scaled down to 0.6 nm. Sphingosine shown in stick 
colored in green. B. SphK2 with key residues shown in stick. Apo colored in darkest teal, 
ATP bound system colored in medium teal, and the ATP+sphingosine system colored in 
the lightest shade of teal. ATP colored purple and by atom type. Sphingosine shown in 
stick colored in yellow with magnesium displayed as sphere colored in green scaled down 
to 0.6 nm. C. SphK1 systems colored and presented as in A, without ATP. D. SphK2 
systems colored and presented as in B, without ATP. 
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Figure 4. Overlays of sphingosine binding of dominant morphologies of SphK isoform apo, 
ATP bound, and ATP+sphingosine bound systems showing key residue positionings. A. 
SphK1 with key residues shown in stick. Apo colored in darkest red, ATP bound system 
colored in medium red, and the ATP+sphingosine system colored in the lightest shade of 
red. Sphingosine shown in stick colored in green. ATP colored by atom type with 
magnesium displayed as sphere colored in green scaled down to 0.6 nm. B. SphK2 with 
key residues shown in stick. Apo colored in darkest teal, ATP bound system colored in 
medium teal, and the ATP+sphingosine system colored in the lightest shade of teal. 
Sphingosine shown in stick colored in yellow. ATP colored by atom type. C. SphK1 
systems colored and presented as in A, without sphingosine. D. SphK2 systems colored 
and presented as in B, without sphingosine. 
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3.8 Supplemental Information 

 
Figure S1. Root mean-square deviation (RMSD) of protein backbone atoms for each 
system and SphK isoform. RMSD is shown for each replicate over the 1 µs simulation.  
 
 
 
 
 



 
 

123 
 

 
Figure S2. SphK1 dominant morphologies over the last 250 ns of each simulation as based 
on backbone RMSD clustering. The center structure of the largest cluster, representing the 
largest number of frames sampled, is shown for each replicate and each isoform of SphK1. 
Percent size of the cluster is shown in the bottom right of each replicate. SphK1, is shown 
as cartoon and is colored by replicate number (1-4). ATP and sphingosine are shown as 
sticks and colored by element. Mg2+ is shown as a green sphere.  
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Figure S3. SphK2 dominant morphologies over the last 250 ns of each simulation as based 
on backbone RMSD clustering. The center structure of the largest cluster, representing the 
largest number of frames sampled, is shown for each replicate and each isoform of SphK2. 
Percent size of the cluster is shown in the bottom right of each replicate. SphK2, is shown 
as cartoon and is colored by replicate number (1-4). ATP and sphingosine are shown as 
sticks and colored by element. Mg2+ is shown as a green sphere. 
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Table S1. Percent size of dominant morphologies for the largest cluster of SphK as based 
on backbone RMSD clustering with a cut-off of 0.2 nm.  

System 
Percent Dominant Morphology 

Rep1 Rep2 Rep3 Rep4 
SphK1 Apo 89.0 100 91.0 95.5 
SphK1 ATP 99.9 100 98.7 99.9 
SphK1 ATP + Sphingosine 96.5 79.1 62.2 100 
SphK2 Apo 28.3 3.7 25.0 13.6 
SphK2 ATP 35.8 5.5 15.3 35.8 
SphK2 ATP + Sphingosine 41.8 8.9 19.6 11.3 

 
 
Table S2. RMSD of dominant morphologies per replicate of each system as compared 
across replicates. The replicate with the lowest RMSD compared to the replicates in that 
system was chosen as the representative structure for that system.  

System 
Average Dominant Morphology RMSD 

Rep1 Rep2 Rep3 Rep4 
SphK1 Apo 2.14 ± 0.30 2.29 ± 0.29 2.19 ± 0.19 2.52 ± 0.12 
SphK1 ATP 1.38 ± 0.14 1.34 ± 0.12 1.51 ± 0.13 1.54 ± 0.10 
SphK1 ATP + Sphingosine 1.61 ± 0.03 1.68 ± 0.07 1.71 ± 0.09 1.69 ± 0.05 
SphK2 Apo 3.02 ± 0.52 3.52 ± 0.23 3.73 ± 0.34 3.22 ± 0.74 
SphK2 ATP 3.48 ± 1.15 3.17 ± 0.66 3.18 ± 1.13 4.62 ± 0.44 
SphK2 ATP + Sphingosine 2.75 ± 0.08 2.44 ± 0.31 2.48 ± 0.18 2.40 ± 0.22 

 
 
Table S3. RMSD of ATP per replicate of each system as compared across replicates. The 
replicate with the lowest RMSD compared to the replicates in that system was chosen as 
the representative structure for that system. 

System Average Dominant Morphology RMSD 
Rep1 Rep2 Rep3 Rep4 

SphK1 ATP 4.46 ± 0.82 5.76 ± 1.17 6.60 ± 0.86 5.84 ± 1.49 
SphK1 ATP + Sphingosine 3.75 ± 1.43 3.91 ± 1.54 5.90 ± 1.53 5.98 ± 1.47 
SphK2 ATP 8.96 ± 2.46 12.50 ± 2.23 13.62 ± 1.81 10.51 ± 3.64 
SphK2 ATP + Sphingosine 6.16 ± 0.52 4.90 ± 1.40 5.24 ± 1.65 3.18 ± 0.95 

 
 
Table S4. RMSD of sphingosines per replicate of each system as compared across 
replicates. The replicate with the lowest RMSD compared to the replicates in that system 
was chosen as the representative structure for that system. 

System Average Dominant Morphology RMSD 
Rep1 Rep2 Rep3 Rep4 

SphK1 ATP + Sphingosine 7.85 ± 0.55 5.68 ± 1.82 5.96 ± 1.63 5.30 ± 1.30 
SphK2 ATP + Sphingosine 4.17 ± 0.38 3.11 ± 0.44 3.29 ± 0.78 3.18 ± 0.95 
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Figure S4. Root mean-square fluctuation (RMSF) of each residue position for each 
replicate and system of SphKs. RMSF is shown for each replicate over the 1 µs simulation. 
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Figure S5. Averaged RMSF per residue per system and isoform of SphKs with associated 
standard deviation shown as shaded background. RMSF is displayed is over the 1 µs 
simulation. 
 
 
 
 
 
 
 
 



 
 

128 
 

 
Table S5. Average secondary structure composition of SphKs (shown as %). a  

Structure 
Starting Structure Last 250 ns 

α 
Helix 

β Sheet Coil α Helix β 
Sheet Coil 

SphK1 apo 30 ± 1 31 ± 1 38 ± 1 28 ± 1 29 ± 1 43 ± 1 
SphK1 ATP 30 ± 1 31 ± 0 39 ± 1 29 ± 1 29 ± 0 42 ± 1 
SphK1 ATP + sphingosine 30 ± 1 31 ± 0 38 ± 1 29 ± 1 29 ± 1 42 ± 1 
SphK2 apo 28 ± 1 24 ± 1 49 ± 1 24 ± 1 20 ± 2 56 ± 3 
SphK2 ATP 28 ± 0 23 ± 1 49 ± 1 25 ± 1 21 ± 1 54 ± 1 
SphK2 ATP + sphingosine 29 ± 0 23 ± 1 49 ± 1 25 ± 1 21 ± 1 55 ± 1 

a Secondary structure percentages represent averages over the final 250 ns of simulation time for 
four replicates of each system (cumulative sampling time of 1000 ns) with corresponding standard 
deviations 
 
 
Table S6. Average radius of gyration for pre and post simulation systems. a  

System Rg Start  
(nm) 

Rg End  
(nm) 

SphK1 apo 2.0 2.1 ± 0.01 
SphK1 ATP 2.0 2.1 ± 0.01 
SphK1 ATP + Sphingosine 2.0 2.1 ± 0.01 
SphK2 apo 2.4 2.4 ± 0.03 
SphK2 ATP 2.4 2.4 ± 0.02 
SphK2 ATP + Sphingosine 2.4 2.4 ± 0.03 

a Radius of gyration for SphK systems averaged over the final 250 ns of four replicates for a cumulative 
sampling time of 1000 ns with corresponding standard deviations. 
 
 
Table S7. Average moments of inertia and eccentricity for SphKs. a 

System I1  
(104 amu × nm2) 

I2  
(104 amu × nm2) 

I3  
(104 amu × nm2) e 

SphK1 apo 8.3 ± 0.1 11.9 ± 0.2 14.2 ± 0.2 0.82 ± 0.1 
SphK1 ATP 8.1 ± 0.1 11.6 ± 0.2 14.0 ± 0.2 0.82 ± 0.1 
SphK1 ATP + Sphingosine 8.2 ± 0.1 12.0 ± 0.2 14.2 ± 0.2 0.81 ± 0.2 
SphK2 apo 14.4 ± 0.5 19.5 ± 0.6 22.3 ± 0.7 0.74 ± 0.2 
SphK2 ATP 13.9 ± 0.4 20.2 ± 0.5 24.1 ± 0.7 0.82 ± 0.1 
SphK2 ATP + Sphingosine 14.7 ± 0.4 20.8 ± 0.7 23.8 ± 0.8 0.78 ± 0.1 

a Moment of Inertia for SphK systems averaged over the final 250 ns of four replicates for a cumulative 
sampling time of 1000 ns with corresponding standard deviations. 
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Figure S6. Solvent Accessibility Surface Area (SASA) of SphK systems averaged across 
replicates by residue number associated standard deviation shown as shaded background. 
SASA analysis was performed over the last 250 ns of simulation. 
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Table S8. SphK isoform Binding cavity analysis influenced by biological substrate 
binding.a 

System Pocket Volume 
(Å3) 

SphK1 apo 1137 ± 166 
SphK1 ATP 1039 ± 128 
SphK1 ATP + Sphingosine 1079 ± 146 
SphK2 apo 896 ± 184 
SphK2 ATP 1042 ± 398 
SphK2 ATP + Sphingosine 1189 ± 261 

aPocket volume was calculated using Metapocket 2.0 webserver and analyzed for volume in UCSF Chimera.  
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Figure S7. Number of hydrogen bonds between SphK isoforms and ligands over time and 
per replicate.  
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Table S9. Analysis of Protein-ATP interactions in cluster structures of SphK systems 
System Replicate Electrostatic Polar Neutral Hydrophobic Backbone 

Sp
hK

1 
A

TP
 b

ou
nd

 
1 R56, R57, D178, 

R185, R191, E343 S181  G342 

2 
R57, D81, E86, 

D178, R185, 
R191, E343, 

 L83 
E55, G80, 

G82, G113, 
G342 

3 
R56, R57, E182, 

R185, R191, 
E343, 

S112 L344  

4 
R24, R57, D81, 

R185, R186, 
R191, E343 

N22, S79, S112  G25, G26, E55 

Sp
hK

2 
A

TP
 b

ou
nd

 1 R157, D211, 
R315, R321, E588 N188, H215  G212 

2 R157, E312, 
R315, E588 Q589 I309, V582  

3 R157, E312, R315 
R321, E588 

S242, N244, Q589 
 

L159, C240 
 

G156, G241, 
G243, G587 

4 
R157, D211, 
E216, R315, 
R321, E588 

Q187, N188, H215  G212, G587 

Sp
hK

1 
A

TP
+s

ph
in

go
si

ne
 b

ou
nd

 

1 R24, R57, E86, 
R185, R191, E343 N22, T54 L83 E55, G82 

2 R24, R57, R185, 
R191, E343 N22, S112  E55, G342 

3 R24, R57, E86 
R185, R191, E343 N22  E55, G82, L83 

4 R56, R57, E182 
R185, R191, E343    

Sp
hK

2 
 

A
TP

+s
ph

in
go

si
ne

 b
ou

nd
 

1 R157, R186, 
R315, R321, E588 Q187 S242  G212 G241 

G587 

2 R157, R315, 
R321, E588 H215 S242  G212 

3 R157, D211, 
E216, R315, E588 

N152, Q187, N188, 
S209  L213 

G155, G156, 
H189, G210, 

G212 

4 R157, D211, 
R315, E588  V590 G212 
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Table S10. Analysis of Protein-sphingosine interactions in cluster structures of SphK 
systems 

System Replicate Electrostatic Polar Neutral Hydrophobic Backbone 
Sp

hK
1 

 
A

TP
+s

ph
in

go
si

ne
 b

ou
nd

 1 E307 T193, E307 
F173, V177, F192, 
L259, L268, M272 

F303, M306 
G269, L302 

2 D178  I174, F192, L261, 
L268, F288, L302 H311, G342 

3 D178  
F173, V177, L259, 
L261, L263, L268, 
A274, F288, L302, 
F303, M306, L319 

I174 

4 D178 H311 I174, F192, L268, 
F288, M306 D341 G342 

Sp
hK

2 
 

A
TP

+s
ph

in
go

si
ne

 b
ou

nd
 1 D308 R321  

F322, L513, A519, 
C533, L547, M551, 

F557, L564 
 

2 D308  
F303, F322, L504, 
L513, C533, F548, 

M551 
A519, G587 

3 D308 R315 T326 

F303, V307, F322, 
L513, L517, V535, 
L544, F548, M551, 

L564 

L547, G587 

4 D308 H556, T584 V307, F322, L513, 
L517, L547, M551 

L544, F548, 
G587 
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CHAPTER 4: DISCUSSION 
 

This work provides useful insight into computational advances useful in orthologue 

and isoform specific inhibitor design. In the Extracellular Signal Regulated Kinase 8 

(ERK8), we were able to identify new residues in TbERK8, TbLys75 and TbPhe154, that 

can be utilized for orthologue selective inhibitor design. Additionally, TbERK8 shows 

promising inhibition with small, flexible molecules containing an aromatic central feature, 

and positively charged flanking side chains. This work utilizing molecular docking 

protocols allows new insight into orthologue specific features and created a starting 

scaffold for next-gen HAT therapeutic inhibitor design.  

In the SphK isoform exploration, we used molecular dynamics simulations to 

explore the protein structure-function relationship influence by the biological substrates, 

ATP and sphingosine. Here, we were able to determine that SphK1 and SphK2 contain an 

α7-α8 helix loop that fluctuates in apo systems and is anchored in the presence of ATP, 

showing potential insight in this domain being essential for sphingosine binding. We 

identified an arginine-rich region within the ATP binding site, important in triphosphate 

binding. Additionally, we identified glutamate residues that could be an alternative for the 

catalytic aspartate, essential in facilitating phosphotransfer reactions. In sphingosine 

binding, many similarities occurred with the SphK isoforms, showing the importance of 

the polar head and the hydrophobic channel of the sphingosine binding cavity, and that 

isoform differences may be influenced by the residues Ile174 in SphK1 and Val304 in 

SphK2, residues in spatially the same position. Importantly, this work supports the 

usefulness the the SphK2 homology model, showing promising similarities to SphK1 
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binding, indicating it as a useful tool when utilizing computational techniques in SphK 

isoform drug discovery practices.  

Collectively, both ERK8 orthologue and SphK isoform investigation using 

computational strategies provided new insight into protein structure-function relationships. 

Exploring the physicochemical characteristics of protein structures can help identify 

features specific to isoform or orthologue structures, providing a deeper understanding on 

how structural mutations or variations effect the protein interface, influencing small 

molecule binding. Molecular docking protocols provided useful information into protein 

specific features, identifying novel chemical orthologue-specific features caused by residue 

deletions and a shift in residues, which can be exploited in drug discovery of Human 

African Trypanosomiasis. Molecular Dynamics (MD) simulations provided an atomistic 

approach for investigating isoform-specific structural features. MD analysis identified 

structural morphology differences between the two SphK isoforms, providing further 

insight into the biological roles each structure performs. Together, this work demonstrates 

a streamlined approach for computation advancements useful in drug discovery aspects, 

providing strategies to accelerate therapeutic discovery.  
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