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ABSTRACT 

 

Na,K-ATPase !4 is specifically expressed in male germ cells of the testis and 

abundant in the sperm flagellum, and crucial for sperm motility. It binds ouabain with a 

higher affinity than other Na,K-ATPase ! isoforms, and provides the opportunity to 

pharmacologically target the Na,K-ATPase !4 for male contraception. In search for 

additional chemical matter a HTVS was performed to identify selective inhibitors of the 

Na,K-ATPase !4 following homology modeling of the Na,K-ATPase !4. Based on 

subsequent docking screening cetirizine was identified as a potential Na,K-ATPase !4 

binder. In vitro assay results reveal that cetirizine is a selective Na,K-ATPase !4 inhibitor 

that reduces sperm motility and has the potential to be a promising scaffold for male 

contraceptive development.  

Ouabain, SS-I-24, SS-I-42, and SS-I-54 are highly selective inhibitors of the rat 

!4 over the rat !1 isoform.  Computational simulations including homology modeling, 

molecular docking, MM-GBSA calculations, and MD simulations were employed to 

investigate the structural origin of their selectivity. His118 and Asn129 of Loop1 of the 

rat !4 isoform stabilize the compound-enzyme complex more dynamically than the 

corresponding amino acid residues of the rat !1 isoform. The computational simulation 

results provide a possible reason for the higher affinities of ouabain and its analogues for 

the rat !4 compare to the rat !1 isoform.  

Testis-specific HSP90" inhibition induces apoptosis in the testis. Therefore, it 

was hypothesized that a highly selective HSP90" inhibitor should impair 

spermatogenesis without undesired effects. TF-1 (7a), an HSP90" inhibitor identified 
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during a high throughput screening campaign, and its analogues were synthesized and 

evaluated for their antispermatogenic activity in LE rats. No antispermatogenic effects 

were observed. Subsequent in vitro assays showed that the inhibitors exerted 

antiproliferative activities at submicromolar to low micromolar IC50s. Compound 7c 

exhibited antiproliferative activity against various cancer cell lines at submicromolar 

IC50s. Results from our in vitro assays including cell-based Her2 ELISA, cell-based NF-

#B functional assay, and Western blot analysis of cellular proteins suggested that they 

exhibit antiproliferative activities via the inhibition of the AKT/NF-#B signaling pathway 

following the inhibition of the HSP90 molecular chaperone.  
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Chapter 1 

Discovery of the Antihistamine Cetirizine as a Selective Inhibitor of the Na,K-

ATpase !4 Isoform for Male Contraceptive Drug Discovery using Homology 

Modeling and Virtual Screening 

1.1. Introduction 

A variety of problems can be associated with the lack of effective methods of 

contraception, such as unintended pregnancies, unplanned births, induced abortions, and 

pregnancy-related deaths. According to the United Nations Population Fund, 350 million 

cases per year involving the problems mentioned above were avoided by modern 

contraception methods. However, there were about 250 million cases that could have 

been avoided if effective contraceptive methods had been used.1 According to a World-

wide United Nations survey about methods of contraception, female contraceptive 

methods are used most frequently. In developed countries, female contraceptive methods 

are employed 73% of the time and male methods 27%. In developing countries, 93% of 

the time female contraceptive methods are used, while only 7% are male methods.2 

Currently the most popular contraceptives are hormonal and taken only by women. 

Although they are highly effective, there can be side effects that cause serious health 

risks. Thus, women bear most of the burden for effective birth control and also the health 

risks.  

 

The availability of effective and reversible male contraceptive agents would solve 

some of these problems and allow males to share the burden of contraception. There are 
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two different drug-related approaches for male contraception: hormonal methods and 

non-hormonal methods. The hormonal method works by controlling the release of 

gonadotropin releasing hormone (GnRH) from the hypothalamus and the production of 

luteinizing hormone (LH) and follicle stimulating hormone (FSH) in the pituitary gland 

by administering the male hormone testosterone (Figure 1.1).3 The presence of high 

testosterone levels in the blood causes a negative feedback on the release of GnRH, LH, 

and FSH and as a consequence inhibits the local production of testosterone in the testis, 

which is needed for sperm development from an undifferentiated germ cell to a mature 

sperm. Since this method alters the hormone level in males, side effects are observed 

such as acne, mood change, a low level of high-density lipoprotein cholesterol (HDLC), 

and shrinkage of the prostate.4,5 Such problems and difficulties in achieving and 

maintaining adequate levels of testosterone have made it difficult to bring a hormonal 

male contraceptive agent to the market.  
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Figure 1. 1. Hormonal system for spermatogenesis and the role of testosterone in male 

contraception: Black solid arrows for a promotional stimulation, solid red arrows for a 

negative feedback of the production of GnRH, FSH, and LH, dotted red arrows for the 

inhibitory stimulation of the production of GnRH and LH by exogenous testosterone. 

 

The non-hormonal method involves the inhibition of critical testis enzymes that 

are involved in spermatogenesis, namely the process of sperm development from 

spermatogonia to mature spermatozoa. During spermatogenesis, spermatogonia, 

spermatocytes, and spermatids are nurtured by Sertoli cells in the seminiferous tubule of 

the testis. Spermatogenesis (Figure 1.2) involves mitosis of spermatogonia, meiosis of the 

primary spermatocytes and of the secondary spermatocytes, development of the 

spermatozoon, and the release of the spermatozoa into the lumen of the seminiferous 

tubule followed by further maturation in the epididymis.6,7 Inhibition of an enzyme in any 
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of the steps of spermatogenesis can result in abnormal spermatogenesis without altering 

hormonal levels.  The undesired effects resulted from unbalanced hormone levels can be 

avoided when an infertile semen condition is induced by a non-hormonal male 

contraceptive agent.   
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Figure 1. 2. Spermatogenesis. 

This research seeks to develop a non-hormonal reversible male contraceptive 

agent that does not cause unwanted side effects. The ideal drug must be safe and orally 

active, and induce reversible infertility. From infertility studies four major types of 

infertile semen conditions are known: asthenozoospermia (A), oligozoospermia (O), 

oligoasthenozoospermia (OA), and/or oligoasthenoteratozoospermia (OAT). A is a 

condition in which the sperm is immotile and cannot swim toward the egg; O is a 

condition when there are less than one million sperm in one milliliter of semen; OA is a 
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combination of O and A conditions, and OAT is a condition of OA with abnormally 

shaped sperm.8-10 Male infertility is caused by an abnormal spermatogenesis in the testis 

that can result in low sperm production, sperm with abnormal shapes, or immotile sperm. 

Therefore, inhibition of critical enzymes or proteins involved in spermatogenesis by a 

drug can induce one or more of these conditions for infertility. If an enzyme or a protein 

is expressed only in the testis and plays a role in spermatogenesis, an inhibitor highly 

selective to that specific enzyme can be designed and developed for use as a safe male 

contraceptive agent.  

 

1.1.1. Na,K-ATPase and Male Contraception 

The Na,K-ATPase !4 isoform is a very attractive target for non-hormonal male 

contraception because this isoform is exclusively expressed in the male germ cells of the 

testis and in the sperm flagellum. Na,K-ATPase !4 is required for male fertility and 

therefore provides an appealing opportunity to inhibit its function to achieve male 

contraception. In addition, targeting a protein that is expressed in male germ cells only 

after meiosis has taken place has the distinct advantage of leaving undifferentiated male 

germ cells unaffected, which should allow for the induction of temporary male 

sterility.11,12 For these reasons, we initiated studies to discover selective inhibitors of the 

testis-specific Na,K-ATPase !4 isoform. Since crystal structures of several Na,K-

ATPases are available, we decided to prepare a homology model of Na,K-ATPase !4  

and use the homology model for virtual high throughput screening and also to design 

selective inhibitors.  
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 Na,K-ATPase is a plasma membrane-bound enzyme responsible for maintaining 

the transmembrane gradients of Na+ and K+ that are required for many cellular activities, 

such as maintenance of the membrane potential and the exchange of glucose, amino 

acids, and water across the plasma membrane.13-15 Although the complex of Na,K-

ATPase consists of !, ", and $ subunits, the catalytic ! subunit, the largest subunit, is 

responsible for translocation of Na+, and K+, as well as ATP hydrolysis.16,17 The catalytic 

! subunit of Na,K-ATPase consists of the transmembrane (M) domain, phosphorylation 

(P) domain, nucleotide (N) binding domain, and actuator (A) domain (Figure 1.3).18,19 

The P, N, and A domains of the ! subunit are located in the cytosol, the M domain in the 

plasma membrane, and the loops of M1-M2, M3-M4, M5-M6, M7-M8, and M9-M10 on 

the extracellular side of the membrane (Figure 1.3).18-21 The ! subunit forms a complex 

with the " subunit that plays a role as a chaperone, and the $ subunit, which is expressed 

in a tissue-specific manner (Figure 1.3).18-21 The major portion of the " subunit is 

extracellular and one helix of the " subunit forms a complex with the M domain (M7 and 

M10) of the ! subunit in the plasma membrane (Figure 1.3).18-21 The $ subunits form a 

complex with the M domain (M9) of the ! subunit in the plasma membrane (Figure 

1.3).18-21 

 

The crystal structure of the pig renal Na,K-ATPase !"$ in the Rb+/K+ bound state 

were reported.18 This crystal structure provides the structural features of Na,K-ATPase 

such as K+ binding sites of the ! subunit.18 The X-ray co-crystal structures of the Na,K-

ATPase with a natural cardenolide, ouabain (Figure 1.4), were also reported: the Na,K-
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ATPase of the shark rectal gland (PDB ID: 3A3Y)20 and the pig renal gland (PDB ID: 

3N23) in the ouabain-bound state.19  

 

The crystal structures in the ouabain-bound state show that the ouabain binding 

pocket is located near the extracellular side of the M domain of the ! subunit. They both 

feature the phosphorylated ! subunit.19,20 It was reported that the phosphorylated (E2P) 

state of the Na,K-ATPase had a higher affinity to ouabain than its dephosphorylated (E1 

or E2) state.22 It was also reported that the presence of K+ resulted in lowering the affinity 

of the enzyme for ouabain.19,22-24 The differences between these two co-crystal structures 

are the presence (3A3Y) or the absence (3N23) of K+ in the enzyme, and their 

conformations.19,20 3A3Y represents a conformation of Na,K-ATPase with low affinity 

for ouabain while 3N23 represents the high affinity conformation.19 The major structural 

difference of the ouabain binding pocket between these two co-crystal structure of Na,K-

ATPase with ouabain is that Loop1 linking M1-M2 of 3N23 is much closer to ouabain 

than that of 3A3Y. This conformation of Loop1 linking M1-M2 of 3N23 enables the 

hydrogen bonding interactions of Gln111 and Asp121 with 19-OH and 14-OH of 

ouabain, respectively (SI Figure 1.1). 
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Figure 1. 3. The structure of the human Na,K-ATPase homology model: the !,  the " 

(beige), and the $ (cyan) subunits. The ! subunit consists of four domains including 

transmembrane (M, green), phosphorylation (P, red), Actuator (A, yellow), nucleotide 

binding (N, orange) domains. 

 

Four isoforms of the Na,K-ATPase catalytic subunit (!1, !2, !3, and !4) have 

been described in mammals since Na,K-ATPase was first discovered in 1957 by Skou.25 
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The identity between the !1, !2, and !3 isoforms across species at the protein level is 

between 92~96%,26 while the identity between isoforms in the same species is 

approximately 87%.27 The !4 isoform is the most divergent isoform of the Na,K-ATPase 

and has a homology with respect to the !1 isoform of 78%.11 

 

-./!#01"234!Na,K-ATPase isoforms are differently expressed depending on the 

cell and tissue type5$$6%+6%,! -./!!1 isoform is expressed ubiquitously,11,30 and Northern 

blot analysis demonstrated higher expression especially in the heart, the brain, the kidney, 

and the intestines.11 The !2 isoform is expressed abundantly in adipocytes,31 muscle,32,33 

heart,34 and brain.11,35 The !3 isoform is found to be expressed only in the central nervous 

system and the brain.11,28 Within the nervous system, the !3 isoform predominates in 

neuronal cell, whereas !2 is mainly found in glial cells.34,36 The !4 isoform presents the 

most restricted pattern of expression, is specifically found in the male germ cells of the 

testis and in the sperm flagellum, and is expressed only after meiosis.11,12 

 

The existence of the !4 isoform was first identified at the genomic DNA level by 

Shull and Lingrel in 1987.37 In 1994, Shamraj and Lingrel reported that the mRNA for 

the !4 isoform was highly expressed in human and rat testis.11 In 1999, Woo and 

colleagues reported the expression of the !4 isoform at the protein level.38 Blanco and 

Mercer reported that the rat Na,K-ATPase !4 has high affinity for ouabain (Figure 1.4), 

with a Ki of 1.8±1.0 % 10-9.27 The affinity of the !4 isoform for K+ is lower than for !1 or 

!2.39 The affinity is in the order of !1 < !2 < !3 < !4 (Table 1.1). Based on the in situ 

hybridization analysis, immunocytochemistry, and the inhibition profile with ouabain, 
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Blanco and colleagues reported that the !4 isoform was specifically expressed in the 

germ cells as well as spermatozoa.40  

 

O
O

HO
OH

OHHO
OH

H
HOHO

O
O

OH

1
3 10

14
17

19 11

2'
5'

9

 

         Figure 1. 4. Structure of ouabain. 

 

The activity of the !4 isoform is of importance for sperm motility and the fertility 

of male mice.11 It regulates intracellular Ca2+ concentration as well intracellular pH for 

sperm motility. Na,K-ATPase !4 male knock-out mice were shown to be completely 

infertile,41 and transgenic mice that overexpressed the Na,K-ATPase !4 isoform show 

enhanced sperm motility.42 Related studies revealed that the !4 isoform played the 

primary role in flagellar motility in rat and human sperm as well.43  

 

1.1.2. Natural Cardenolide Ouabain 

Cardenolides are steroids with methyl groups at C10 and C13, and an !,"-

unsaturated five-membered lactone at C17 as shown in Figure 1.5. A cardenolide moiety 

is a key component of cardiac glycosides that alters heart function. Well-known examples 

are digitoxin, digitoxigenin, digoxin, digoxigenin, and ouabain (Figure 1.5).  
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Figure 1. 5. Structures of cardenolides.   

 

Ouabain is a cardiotonic glycoside isolated from African dodgebain family trees 

and shrubs such as Strophanthus and Acokanthera.44-46 The seeds of the Strophanthus 

genus were used as a resource of arrowhead poison for hunting.47,48 After the introduction 

of the extracts of these tropical plants to Europe by David Livingstone, English botanist 

John Kirk found in 1859 that ouabain exerted the rapid on-set of action on the heart.49 In 

the early 1900’s, these types of cardiac glycosides were studied for the treatment of heart 

failure and sinus rhythm.50,51 Although ouabain’s oral bioavailability was approximately 

5%,52 it exerted the desired effects in treating congestive heart failure, which suggested 

that there might be endogenous ouabain. Researchers observed endogenous ouabain in 

various animal specimens such as human plasma,53,54 bovine adrenals55 and 

hypothalamus,56 and in the supernatant of rat pheochromocytoma cells.57 It was 

confirmed with 1H-NMR55,56 and LC-ESI-MS57 that endogenous ouabain was identical 

with that from plants. It was also reported that ouabain was an endogenous steroidal 
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hormone that was synthesized in mammalian adrenal glands and the hypothalamus.58,59 

Ouabain binds to Na,K-ATPases in a cell-type and isoform specific manner and exerts its 

physiological role by activating cellular signaling pathways and thereby regulating 

various cellular functions.60  

 

Ouabain’s bioavailability was significantly improved with an optimized 

formulation that made it a marketed drug. During the 1970s, the enteric-coated 

formulation of ouabain was optimized to 80% of enteral absorption in cats.61 In 2001, 43-

50% of systemic oral bioavailability in guinea pigs were reported by Leuschner and 

Winkler.62 Ouabain was marketed under the commercial name Strodival®mr by 

Medapharma in Germany for the treatment of insufficiency of the left ventricle.49  

 

In 1979, McGrady reported that ouabain influenced the membrane potential and 

flagellar movement of ejaculated bull spermatozoa, and that ouabain reduced the 

membrane potential of mouse spermatozoa.63,64 Blanco and coworkers reported that 

ouabain inhibited the activity of !4 with high potency and in a dose selective manner 

with respect to the other Na,K-ATPase isoforms. The Ki values for ouabain inhibition of 

the activity of the various isoforms of the Na,K-ATPase are shown in Table 1.1.27,43 In 

addition, ouabain induces intracellular acidification of sperm by inhibiting the !4,65 and 

consequently induces asthenozoospermia and the reduced sperm motility by 40% at 

about 10 nM.43,66 This high affinity of !4 for ouabain can be used to inhibit the activity 

of this isoform and this property could be used to block sperm function for male 

contraceptive purposes.  
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Table 1. 1. Table 1. Ki values of ouabain for the inhibition of the enzymatic activity of 

the Na,K-ATPase isoforms 

Na,K-ATPase isoform Ki values of ouabain (M) 

rat !1 4.3±1.9 % 10-5  

rat !2 1.7±0.1 % 10-7 

rat !3 3.1±0.3 % 10-8 

rat !4 1.8±1.0 % 10-9  

human !1 4.6±1.5 % 10-7 

human !4 0.5±0.3 % 10-9  

human !1"1 2.0±0.6 % 10-7 

human !4"1 1.0±0.3 % 10-9  

human !4"3 4.9±1.7 % 10-9  

 

Despite the selectivity of !4 for ouabain, the complex structure of ouabain, its 

highly polar nature, which results in a low bioavailability, and its toxicity62 may limit its 

usefulness for drug discovery. The ideal compound should be a selective inhibitor of 

Na,K-ATPase !4, be structurally simple, and possess a good pharmacokinetic profile. 

!

1.1.3. Computational Simulation in Drug Discovery 

Computer-aided molecular modeling has contributed significantly to drug 

discovery. As computer hardware and software have improved computing speed and 

capacity large-scale simulations have become possible. As a consequence, computational 

simulations can enhance the efficiency of drug discovery research by more accurately 

predicting the possible lead compounds and their physicochemical properties. With a 
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fine-tuned computational simulation, a significant amount of time and money can be 

saved in a drug discovery project. 

 

Computer-aided drug design means either a ligand-based or a structure-based 

drug design. A ligand-based drug design does not need a three dimensional (3D) structure 

of a target protein, but biological activity data such as binding affinity values of a series 

of compounds are required to establish a structure-activity relationship, as well as to 

determine a pharmacophore. The biological activity of compounds to be tested is 

predicted based on the structure-activity relationship (SAR) obtained from the training set 

of compounds with known biological activity. For a structure-based drug design, a 3D 

structure of a target protein in a ligand-bound state is necessary. It can be from X-ray 

crystallography, nuclear magnetic resonance (NMR) spectroscopy or homology modeling 

based on a high-resolution 3D structure characterized by either X-ray crystallography or 

NMR spectroscopy. A docking simulation of a compound library into a target protein can 

helps predict binding poses of possible inhibitors and their relative binding affinities 

based on their poses in the pocket. In addition, a docking simulation with a scoring 

function allows the screening of large virtual molecular library against a protein target 

and to identify hits that can become potential lead compounds for drug discovery 

research. There are many docking programs available such as Glide, Surflex Dock, Gold, 

AutoDock, etc. The general workflow of structure-based drug design is shown in Figure 

1.6.67 Calculations of physicochemical properties of hits are carried out to eliminate 

undesirable structures. 
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Figure 1. 6. General workflow of a high throughput virtual screen. 

 

1.1.4. Objectives and Hypothesis 

Inhibition of the testis-specific !4 isoform of Na,K-ATPase by ouabain induces 

asthenozoospermia. The high selectivity of ouabain toward the !4 isoform over the !1 

isoform holds promise for utilizing it as a lead molecule for male contraceptive 

development. However, despite the excellent selectivity of ouabain for the !4 isoform 

and its promise for male contraception, the complex structure and issues related to 

potential cardiotoxic liability (for example, lethal arrhythmia at 62±16 µg/kg in cats)68 

and oral bioavailability of ouabain could limit its usefulness for a drug discovery 

program.49,52 The ideal compound should be a selective inhibitor of the Na,K-ATPase !4 

isoform, structurally simple, orally bioavailable, non-toxic, and possess a good 

pharmacokinetic profile. The ultimate goal of this research is to develop reversible non-

hormonal male contraceptive drugs with no adverse effects. In order to achieve this goal, 

the following steps were pursued: build a high affinity homology model of the human !4 

isoform that can explain the high selectivity of ouabain toward the !4 isoform over the !1 
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isoform, develop a computational workflow for a high throughput virtual screen with the 

high affinity homology model, and identify new and desirable hit or lead compounds that 

can selectively inhibit the !4 isoform. 

 

This research was performed based on the hypothesis that new hit or lead 

compounds selectively targeting the !4 isoform might be identified by the structure-based 

drug design method with a high affinity homology model of the !4 isoform, and be 

simple structures with desired pharmacokinetic properties as well as low or no toxicity.  

 

Since the crystal structures of Na,K-ATPases in the apo and in the ouabain-bound 

states are available, we planned to employ computational simulation methods to study the 

binding mode of ouabain in its binding pocket in the enzyme and to determine why it is 

selective toward the !4 isoform. However, the reported structures of Na,K-ATPases may 

not accurately reflect ouabain’s high affinity binding mode in the !4 isoform since they 

are derived from the pig !1 isoform and the shark !3 isoform.69 Therefore, it was thought 

that a high affinity model of the human and rat !4 isoforms might be necessary to 

understand the selectivity of ouabain for !4. The human and rat !1 and !4 isoforms are 

highly identical to the shark rectal gland Na,K-ATPase, of which crystal structure is 

available at 2.8 Å resolution (PDB ID: 3A3Y).  It was, therefore, planned to generate the 

homology models using the amino acid sequences of the !1 and the !4 isoforms. The 

affinity of ouabain for the enzyme depends on the rate of dissociation of ouabain from its 

binding pocket instead of the rate of its association with its binding pocket.70 A 

conformational change takes place after ouabain binds to the enzyme. Therefore, if the 



! $*!

complex of the enzyme and ouabain is not stable, dissociation of ouabain from the 

complex is much faster than that from the stable ouabain-enzyme complex.70,71 It is also 

known that K+ ions lower the affinity of ouabain for Na,K-ATPase.22-24 It was, therefore, 

hypothesized that a high affinity model of the !4 isoform should be generated based on a 

co-crystal structure of Na,K-ATPase with ouabain through energy minimization of the 

initial models of the enzyme in the absence of ouabain and K+ ions.  The energy-

minimized conformation would form additional hydrogen bonding interactions between 

ouabain and the enzyme, and represent a high affinity conformation of the enzyme for 

ouabain. It was, in contrast, hypothesized that the same energy minimization of the initial 

models of the !1 isoforms might also provide rearranged conformations, but they might 

have a low affinity for ouabain. It was also hypothesized that the high affinity !4 

homology model might be used in the further simulation such as an HTVS to search new 

scaffolds that could lead to the !4-specific inhibitors with enhanced physicochemical and 

pharmacological properties for the development of male contraceptive agents. 

 

 

 

!

!

!
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1.2. Results and Discussion   

1.2.1. Homology Modeling of the Na,K-ATPase in the Ouabain-bound State 

To initiate our computational study we first generated homology models of the 

human !1 and !4 isoforms based on the co-crystal structure of Na,K-ATPase from the 

shark rectal gland with ouabain (Figure 1.7), which was available at a resolution of 2.8 Å 

(PDB ID: 3A3Y).20 The crystal structure of the shark apo Na,K-ATPase at 2.4 Å is also 

known (PDB ID: 2ZXE).21 Since we were planning to test compounds found from the 

virtual screening for inhibition of the rat-derived !1 and !4 isoforms; homology 

modeling of these two proteins were also performed. The availability of high resolution 

crystal structures, and significant sequence identities (Table 1.2 and SI Figures 1.3-1.21) 

between rat, human, and shark rectal gland Na,K-ATPase isoforms suggested the 

feasibility of a homology model-based virtual screening approach. For example, the 

identity between the Na,K-ATPase of the shark rectal gland and the !4 isoforms of 

human and rat Na,K-ATPase are 76% to 77%, respectively (Table 1.2 and SI Figures 1.3-

1.4). Furthermore, we found that the sequence identity in the transmembrane domain, 

where the ouabain binding pocket was located, was even higher, 85% between the human 

Na,K-ATPase !4 and the shark rectal gland Na,K-ATPase (SI Figure 1.3). 
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Table 1. 2. Sequence identity between Na,K-ATPase isoforms  

Isoforms 

Na,K-ATPase Identity (%) 

rat !1 rat !4 
human 

!1 

human 

!4 

shark 

rectal 

gland* 

pig renal 

gland 

Sheep 

!1 

rat !1 100 79 96 80 87 97 97 

rat !4   100 79 85 
74 

(76)** 
76 76 

human !1     100 79 88 98 97 

human !4       100 
75 

(77)** 
77 77 

shark rectal gland         100* 87 87 

pig renal gland      100 98 

Sheep !1       100 

*Co-crystal structure with ouabain. **Values in () are from the alignments of the 

sequences from Ser45 to Tyr1028 of the shark Na,K-ATPase with the corresponding 

region of the human and the rat !4 isoforms. 

 

In the beginning of this research, we attempted to determine the origin of the high 

selectivity of ouabain simply based on the different composition of side chains in the 

binding pocket of our !4 model versus that of the !1 isoform, but found no significant 

differences to which the selectivity could be attributed (SI Table 1.1). A high-affinity 

model was therefore, generated through energy minimization of the initial homology 

model followed by incorporation of ouabain and minimization of the ouabain-protein 

complex (Figure 1.7). A comparison between the co-crystal structure of the shark rectal 

gland Na,K-ATPase with ouabain (orange colored helices in Figure 1.7) and the high-
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affinity !4 homology model (cyan helices in Figure 1.7) showed that the ouabain binding 

pocket in the !4 homology model had narrowed, forming a much tighter binding pocket 

around ouabain than seen in the shark-derived Na,K-ATPase co-crystal structure (Figure 

1.7) or observed in our initial low affinity homology model. Identical treatment of the !1 

isoforms of shark, rat, and human did not result in similarly shifted helices or a 

compacted binding site. An interesting finding was that the energy minimized human !1 

model displayed a highly identical conformation of helices of the M domain similar to the 

co-crystal structure of the pig Na,K-ATPase (PDB ID: 3N23), which was reported as a 

high affinity state of the enzyme.  A difference between the two structures is observed in 

the Loop1 linking M1 and M2 helices and the beginning of the M2 helix (SI Figure 1.22). 

The RMSD value from the structural alignment of these two isoforms was 2.35 Å. The 

dissociation constant values, Kd, of ouabain for the human and the pig Na,K-ATPase !1 

isoforms are 13 nM72 and 3 nM19 respectively. The comparison of the M domain 

containing the ouabain binding pocket suggests that the flexibility of Loop1 linking M1-

M2 may be of importance for the high affinity of ouabain for the Na,K-ATPase. 

 

We note a similar conformational difference when comparing the crystal structure 

of the low affinity shark-derived Na,K-ATPase in the ouabain bound state20 (PDB ID: 

3A3Y) with its apo structure (PDB ID: 2ZXE) (Figure 1.8).21 The M4 helix is shifted by 

approximately 11° and 17° into the ouabain binding pocket in its apo structure of the 

shark and the pig Na,K-ATPases respectively: 3A3Y vs 2ZXE (Figure 1.8) and 3B8E vs 

3N23 (SI Figure 1.2). This shift implies that the helix is flexible and supports our use of 

the high affinity homology model for virtual screening. Ouabain forms hydrogen bonding 
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interactions with Val329 and Thr804 in the crystal structure of the shark-derived Na,K-

ATPase in the ouabain bound state. In the high affinity model, however, hydrophilic 

amino acid residues form additional hydrogen bonding interactions with ouabain at 

Gln126, Asn137, Glu327, Ile330, Ala338, Thr810, Arg893, and Glu897, presumably 

resulting in enhanced binding affinity.  

 

Figure 1. 7. Structures of Na,K-ATPases: Overlay of the crystal structure of the shark 

rectal gland Na,K-ATPase (orange) and the homology model of the human Na,K-ATPase 

!4 (cyan blue).  
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Figure 1. 8. Comparison of the shark rectal gland Na,K-ATPase (brown) in the ouabain-

bound state (PDB ID: 3A3Y) with the apo shark rectal gland Na,K-ATPase (green) (PDB 

ID: 2ZXE), showing the deviation of the M4 helices between the apo- and the ouabain 

bound structures. 

 

In the crystal structure of the shark apo Na,K-ATPase (PDB ID: 2ZXE), the 

potassium ion binding site II consists of Val329, Ala330, Val332, Glu334, Asn783, 

Glu786, and Asp811 (see SI Figure 1.23-1.25).21 The potassium-binding amino acids 

Val329 and Ala330, and Gly326 are forming a part of the M4 helix by hydrogen bonding 

interactions. The coordination of the K+ to Val329 and Ala330 enhances the hydrogen 

bonding interactions of Val329 and Ala330 with Gly326 and stabilizes the M4 helix.21 

However,! in the ouabain bound shark Na,K-ATPase crystal structure (PDB ID: 3A3Y), 

the M4 helix unwinds and the hydrogen bonding interactions of Gly326 with Val329 and 

Ala330 are lost (SI Figure 1.26).20 Instead, the carbonyl oxygen of the lactone moiety of 
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ouabain forms hydrogen bonding interactions with Val329 and Ala330 in the M4 helix in 

3A3Y (SI Figure 1.27).20 In this co-crystal structure, the coordination of Val329 and 

Ala330 to K+ still takes place in the ion binding site II although it is distorted (SI Figures 

1.24-1.27).20 It seems that the lactone moiety of ouabain, located at the entrance to the 

site II, blocks the exit of K+ from the site II although the coordination of Val329 and 

Ala330 to K+ in the site II is distorted (SI Figure 1.27).20 This co-crystal structure was 

reported as a representative of the E2-2K+-Pi state of Na,K-ATPase, a structure with low 

affinity for ouabain due to the presence of K+ ions, that are stabilizing the M4 helix. It 

was reported that the increased concentrations of KCl resulted in a reduction of the 

affinity of ouabain for Na,K-ATPase and its inhibitory activity against Na,K-ATPase.%&6%'!

Based on these facts, we planned to exclude K+ in our homology modeling to generate a 

model structure with high affinity for ouabain. Energy minimization of the model 

structure was performed to obtain a stable conformation in the absence of metal ions, 

followed by incorporation of ouabain, and minimization of the ouabain-enzyme 

complexes to obtain the final homology models of the Na,K-ATPase isoforms with 

ouabain. !

 

Mutation studies, previously performed focusing on the ouabain binding pocket, 

demonstrated that amino acid residues Gly326, Phe790, Phe793, Asp811, and Thr804 

played an important role in ouabain binding.73-75 G326A (Gly319 in the reference) 

mutation caused a loss of the affinity of the mutant for ouabain suggesting an optimal 

size of the lactone binding site of the ouabain binding pocket would be essential for the 

enzyme for high affinity for ouabain.75 Site directed mutations such as F793I, F793N 

(786 in the reference),73 F790Y (783 in the reference), T804C (797 in the reference)76 or 
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D811E (804 in the reference)74 caused a reduction of the affinity for ouabain. These 

results from the mutation studies suggest that hydrogen bonding interaction of ouabain 

with Thr804, hydrophobic interaction of ouabain with Phe790 and Phe793, and an 

optimal size of the pocket would be necessary for ouabain binding with high affinity.  
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Figure 1. 9. Binding modes of ouabain in Na,K-ATPases: (a) shark rectal Na,K-ATPase 

(PDB ID: 3A3Y), (b) human Na,K-ATPase !4 homology model. Thr804 and Phe790 in 

the shark rectal Na,K-ATPase correspond respectively to Thr810 and Phe796 in human 

Na,K-ATPase !4. 

 

The comparison of the binding mode of ouabain in the Na,K-ATPase isoforms, 

the shark Na,K-ATPase co-crystal structure, the rat !1, the rat !4, the human !1, and the 

human !4 homology model structures generated in this study, suggested that the 

selectivity of ouabain for the !4 isoform might be a result of a tighter binding of ouabain 

due to an optimal size of the pocket of the !4 isoform (Figures 1.9 and 1.10). In the 
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crystal structure of the shark-derived Na,K-ATPase in the ouabain bound state only one 

of eight hydroxyl groups, 14-OH, forms a hydrogen bonding interaction with the enzyme 

in the X-ray crystal structure (PDB ID: 3A3Y), in addition to the hydrogen bonding 

interactions with Val329 and Ala330 (Figure 1.9a). In the X-ray crystal structure of the 

high-affinity structure of the pig Na,K-ATPase !1 in the ouabain-bound state (PDB ID: 

3N23), one additional hydrogen bonding interaction at 14-OH  and one hydrogen 

bonding interaction at 19-OH with Gln111 were observed (see SI Figure 1.28).19 

 

However, in our human !4 homology model, ouabain can establish seven 

additional hydrogen bonding interactions due to the rearrangement of the helices of the 

transmembrane domain while retaining the two at 14-OH and the lactone carbonyl group 

as shown in Figure 1.9. Homology models of the rat !1 and the human !4 isoforms are 

compared with the shark Na,K-ATPase in Figures 1.10 and 11. The human !4 homology 

model has the tighter binding pocket enhancing the ouabain-pocket interaction compared 

to the rat !1 and the shark Na,K-ATPase (Figures 1.10 and 1.11). Asn137 of the high 

affinity human !4 model is in the proximity to 19-OH to form a hydrogen bonding 

interaction with 19-OH of ouabain. Gln126 of the human !4 also can form a hydrogen 

bonding interaction with 1-OH while the corresponding amino acid residues Gln118 of 

the shark Na,K-ATPase and Arg79 of the rat Na,K-ATPase !1 are too far away to form 

hydrogen bonding interactions with ouabain. Based on the mutagenesis study of this 

region, Gln126 and Asn137 in Loop1 of the Na,K-ATPase play a crucial role in 

stabilizing the ouabain-enzyme complex.70 However, the corresponding amino acid 

residues of the rat !1 isoform are Arg79 and Asp90 that can form a salt bridge (Figure 



! "#!

1.11b). Our model of the rat !1 suggests that the salt bridge prevents its side chains from 

forming hydrogen bonding interactions with ouabain (Figure 1.11), so that ouabain might 

be dissociated much faster from the rat !1 isoform than from the !4 isoform. In the 

human !4 model Glu897 has a one carbon longer side chain than the corresponding 

amino acid residues Asp891 of the shark Na,K-ATPase and Asp852 of the rat Na,K-

ATPase !1. Therefore, it extends its hydrophilic side chain much closer to the 2’-OH of 

the sugar ring of ouabain and forms an hydrogen bonding interaction with 2’-OH of 

ouabain. Arg893 of the human !4 model also forms a hydrogen bonding interaction with 

2’-OH. In addition, hydrogen bonding interactions are also formed between Glu327 and 

4’-OH of the sugar ring of ouabain, and Ile330 and 11-OH in the human !4 high affinity 

model. Based on these facts, it was thought that further energy minimization of the 

ouabain-enzyme complex might result in a conformational change.  The !4 isoform 

might adopt a conformation that would further stabilizing the ouabain enzyme complex 

therefore enhancing affinity, but that the !1 isoform might not stabilize the ouabain 

enzyme complex. The final models were further energy minimized using OPLS2005 

force field in MacroModel. As expected, the !4 isoforms underwent conformational 

changes that stabilized the ouabain-enzyme complex by bringing the M1-M2 loop of the 

enzyme close to ouabain, while the conformational changes of the !1 isoforms did not 

further stabilize the complex as shown in Figure 1.12. The results of the additional energy 

minimization of these homology models suggest that conformational changes of helices 

of the ouabain-!4 isoform complexes can establish these additional hydrogen bonding 

interactions. Loop1 of the !4 isoform is close to ouabain, thereby enabling additional 
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hydrogen bonding interactions with ouabain. This may be the origin of the selectivity of 

ouabain toward the !4 over the !1 (Figure 1.12).  

 

Comparison of the hydrophobic interactions formed in the binding pocket 

revealed that hydrophobic interaction might be enhanced in the human !4 homology 

model due to an optimal distance between the hydrophobic surfaces of ouabain and its 

binding pocket. A hydrophobic surface of the human !4 is formed by Phe331, Phe796, 

Phe799, Ile800, Leu806, Gly809, and Thr810. Among these residues, Phe331, Phe796, 

Phe799, and Ile800 form a tighter contact with the steroid core of ouabain in the human 

Na,K-ATPase !4 than the other isoforms including the human !1, the rat !1, and the rat 

!4. Phe331 and Phe799 form a contact with ring A, Leu806 with ring B and D, Ile813 

with the lactone ring, Thr810 with the 19-Me group, and the Phe796 with ring C, D and 

the lactone ring. We expected that the corresponding amino acid residues in the rat Na,K-

ATPase !4 would form a hydrophobic surface closer to ouabain than those in the rat 

Na,K-ATPase !1 isoform. However, the homology model of the rat Na,K-ATPase !4 did 

not show that the hydrophobic amino acid residues were closer to ouabain  than those of 

the rat Na,K-ATPase !1 (SI Figure 1.29). The lactone binding site did not show a 

significant difference between the isoforms: Gly334, Ile335, Val337, Ala338, Ile793, 

Phe796, Gly809, and Ile813 form a hydrophobic site for lactone binding.  
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Figure 1. 10. Comparison of the !1 (magenta) and the !4 (cyan) homology models with 

the X-ray crystal structure of the shark Na,K-ATPase (brown, PDB ID:3A3Y): Ouabain 

in the human Na,K-ATPase !4 (cyan), rat Na,K-ATPase !1 (magenta), and the shark 

Na,K-ATPase (brown). 
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Figure 1. 11. Comparison of (a) the conformation of the loop regions of M1-M2 and M3-

M4 of the human !4 homology model (cyan) with the rat !1 homology model (magenta) 

and with the shark Na,K-ATPase co-crystal structure with ouabain, and (b) the hydrogen 

bonding interactions of Loop1 linking M1-M2 with ouabain. 
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                                 (a) 

 
                                 (b) 

 
                                 (c) 

 
Figure 1. 12. Comparisons of the ouabain Na,K-ATPase complexes from additional 

energy minimization of the homology models: (a) the human !4 (cyan) with the human 

!1 (wheat), and (b) the rat !4 (light blue) with the rat !1 (magenta), (c) comparison of 

all four isoforms. 

!
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1.2.2. High Throughput Virtual Screen 

A high throughput virtual screen was performed using the high affinity !4 

homology model. An in-house library containing 230K compounds was prepared for 

screening by generating relevant ionization states and stereoisomers, adding hydrogens 

where appropriate, and producing energy minimized confirmations.  Following the ligand 

preparation process, automated with LigPrep, the library consisted of 390K unique 

molecular compounds. These 390K compounds were docked into the !4 homology 

model and their interactions scored with the Glide HTVS method.77,78  

 

The virtual screen with the in-house screening library, which contains a number 

of known bioactive compounds, identified several drug categories among the top hits 

such as antihistamines, antibiotics, antifungal, antitumor, anti-inflammatory, 

antiepileptic, and antidepressant drugs, many of which were known to have an effect on 

male fertility (Figure 1.13 and Table 1.3).9,79-82 Since a male contraceptives agent would 

be taken by healthly individuals, any drug toxicity could not be tolerated. Therefore, we 

focused our docking efforts on one of the least toxic drug categories, the antihistamines, 

and performed an additional docking study of commercially available compounds with 

known infertility side effects to find those most likely to interact with Na,K-ATPase !4. 

We also included relatively non-toxic drugs used to treat asthma, chronic bronchitis, 

depression, epilepsy, bipolar disorder, and chronic infections in this second study (Table 

1.4). The compound with the best docking score among this set of drugs was cetirizine (= 

levocetirizine). We also noted that no reasonable docking pose was found for 
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fexofenadine (Figure 1.13).  These observations prompted us to experimentally evaluate 

cetirizine and fexofenadine for Na,K-ATPase inhibition, using ouabain as a control. 
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Figure 1. 13.  Schematic view of the workflow toward the discovery of the antihistamine 

cetirizine as a possible inhibitor of the Na,K-ATPase !4. 
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        Table 1. 3. Drugs found in the HTVS result 

Drug Name Role 

!-methyl histamine Histamine agonist selective to H3 

Calmidazolium chloride Calmodulin antagonist 

Ketoconazole Antifungal 

Nefazodone hydrochloride Antidepressant 

Cefsulodin sodium Antibiotic against cystic fibrosis 

Cedrelone Larval growth inhibitor 

Ethopropazine hydrochloride 

Antiparkinsonian, anticholinergic, 

Antihistamine, antiadrenergic 

Brazilin Red pigment 

DL-cycloserine Antibiotic 

Droperidol Antidopaminergic 

Cianidanol Antinecrotic hepatoprotective agent 

Naloxone hydrochloride Opioid antagonist 

Equilin Estrogen for hormone replacement therapy 

Cefoperazone 3rd generation cephalosporin antibiotic 

Linopirdine(Dup996) Psychostimulant/nootropic, neuroprotective 
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                        Table 1. 4. Drugs used for the additional docking simulation  

Drug Disease 

Amitriptyline Depression 

Cetirizine Hay fever 

Ciprofloxacin Chronic infection 

Fexofenadine Hay fever 

Fluvoxamine Depression 

Minocycline Chronic infection 

Orciprenaline Chronic bronchitis, asthma 

Sodium valproate Epilepsy, bipolar disorder 

Tranilast Asthma, chronic bronchitis 

 

When cetirizine was docked in the ouabain binding pocket of the Na,K-ATPase 

!4 homology model, the 4-chlorophenyl group of cetirizine occupied a hydrophobic 

pocket composed of Gly334, Ile335, Ala338, Glu792, Ile793, Phe796, Thr810, and 

Ile813, and forms a T-pi interaction with Phe796 (3.48 Å). The phenyl group occupied 

the hydrophobic pocket formed by Gly115, Cys119, Leu140, Leu144, Ile330, Ile333, and 

Gly334 (2.96-3.78 Å) (Figure 1.14). The carboxyl group forms H-bonds with the NH2 

groups of the side chains of Gln126 (2.84 and 3.48 Å) and Asn137 (2.97 Å). These two 

amino acid residues were thought to be of importance in stabilizing the ligand-enzyme 

complex through a conformational change that might reduce the rate of dissociation of a 

ligand from the enzyme. Fexofenadine, an H1 receptor antagonist, is one of the drugs that 

can cause male infertility problems according to Hayashi, et al.81 However, no valid pose 

of fexofenadine was found in the same docking experiment. These docking results 

suggested that cetirizine could reduce sperm motility via the inhibition of the Na,K-

ATPase !4, but fexofenadine would not.  
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Figure 1. 14. Docking pose of cetirizine in the ouabain binding pocket of the human 

Na,K-ATPase !4. 

 

1.2.3. Biological Evaluation 

Biological Evaluation. Assays for dose response curves for the effect of 

cetirizine and fexofenadine on the activity of Na,K-ATPase were performed on the !1 

and !4 isoforms of the rat enzyme using ouabain as a positive control (SI Figure 1.30). 

Active Na,K-ATPase was produced in Sf-9 insect cells using baculoviruses and, because 

the presence of the " subunit is required for activity, cells were co-infected with !1 or !4 

and the Na,K-ATPase "1 isoform. It is important to note that the functional properties of 

the Na,K-ATPase !1"1 and !4"1 isozymes depend on the ! and not the " composition of 

the enzyme. Activity assays in the presence of cetirizine showed an inhibition of the !4 

isoform with an IC50 of 2.3±1.7 % 10-7 M and of the !1 isoform with an IC50 of 5.2±5.1 % 

10-5 M (Figure 1.15 and Table 1.5). These results show that cetirizine exhibited 
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approximately a 200-fold selectivity toward the !4 over the !1 isoform. In contrast, 

fexofenadine had a much more modest effect on both the !1 or !4 isoforms, partially 

inhibiting Na,K-ATPase at high (mM) concentrations. 

 

Besides their effect on Na,K-ATPase activity, cetirizine and fexofenadine were 

examined for their ability to affect sperm motility. Rat epididymal sperm was treated in 

the absence and presence of different concentrations of the anti-histamine compounds 

and motility of the cells was determined using the computer assisted semen analysis 

(CASA) technique. Cetirizine was able to reduce the total and progressive sperm motility 

by 50% at concentrations between 10 nM and <100 nM (Figure 1.16). This inhibition of 

sperm motility by cetirizine at concentrations between 10 nM and <100 nM correlates 

very well with the approximately 50% inhibition that the compound produced on the 

activity of the Na,K-ATPase !4 isoform, as presented in Figure 1.15. Fexofenadine, 

however, had a much lower effect on reducing the sperm motility by only 20% even at 

the higher concentrations of the compounds used (Figure 1.16). 
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Table 1. 5. Comparison of the effect of cetirizine and fexofenadine on activity of the 

Na,K-ATPase !1 and !4 isoforms 

Antihistamines 
IC50 (M) 

!4 !1 

Cetirizine 2.3 ± 1.7 % 10-7 5.2 ± 5.1 % 10-5 

Fexofenadine 1.3 ± 5.3 % 10-2 3.6 ± 0.2 % 10-1 

 

 

 
Figure 1. 15. Effect of cetirizine and fexofenadine on (a) !4"1 and (b) !1"1 of rat Na,K-

ATPase. 
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 (a)                                                      (b) 

 
 (c)                                                      (d) 

 
 (e)                                                      (f) 

 
Figure 1. 16. Effect of ouabain, cetirizine, and fexofenadine on rat sperm motility: 

ouabain on total motility (a) and progressive motility (b), cetirizine on total motility (c) 

and progressive motility (d), and fexofenadine on total motility (e) and progressive 

motility (f). 
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1.2.4. Discovery of Antihistamine Cetirizine as a New Lead for the Non-hormonal 

Male Contraceptive Development 

The high affinity homology model of the Na,K-ATPase !4 isoform was used to 

performed an HTVS to identify new lead structures for male contraceptive development. 

From the analysis of the HTVS results, we found commercial drugs including !-methyl 

histamine. Since the purpose of this study was to identify new lead compounds for the 

development of male contraceptives for healthy individuals, the research was, therefore, 

directed to the least toxic drug category. From the literature search for antihistamines on 

male infertility, cetirizine and fexofenadine were found to cause male infertility possibly 

due to chronic use of these compounds. The patients were taking these anti-histamines 

and were able to father babies only after the treatment was stopped.81 Although it was 

reported that asthenozoospermia resulted from the use of H1 receptor antagonists, 

cetirizine and fexofenadine, the mode of action of the side effect was unknown.9,81 The 

infertility problems caused by these drugs resulted from immotile sperm induced by the 

change of Ca2+ level in spermatozoa. Researchers proposed that the changed Ca2+ level 

would result from the inhibition of the H1 receptor.81,83,84 Based on our docking 

simulations and the experiments with Na,K-ATPase and spermatozoa, we obtained 

evidence that male infertility caused by cetirizine could result from the 

reduction/inhibition of sperm motility via the inhibition of the Na,K-ATPase !4 isoform. 

Importantly, cetirizine inhibits Na,K-ATPase and reduces the total sperm motility by 

acting with a relatively higher selectivity for the !4 compared to the !1 isoform. In 

contrast, the other anti-histamine compound, fexofenadine would not have significant 

effects on the !4 isoform. Besides its role in sperm motility, the Na,K-ATPase !4 plays a 
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critical role for maintaining sperm membrane potential, pH and the intracellular Na+ and 

Ca2+ concentrations in the cells, therefore, the effects of ceterizine in inhibition of the !4 

isoform are expected to induce a series of changes in essential parameters of sperm 

function, which altered will render sperm infertile.65  
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1.3. Conclusion 

Homology models of the human and rat Na,K-ATPase !1 and !4 isoforms were 

generated based on the shark Na,K-ATPase in the ouabain bound state. Our high affinity 

!4 models and the structures from the additional energy minimizations suggest possible 

reasons for the selectivity of ouabain toward the !4 isoform relative to the !1 isoform. 

We propose that the ouabain binding pocket in the !4 is more compact and able to form 

additional interactions with ouabain compared to the !1 isoform. We found that the 

Loop1 moiety of the !4 isoforms are much more dynamic than that of the !1 isoforms, 

and adopts a conformation stabilizing the ouabain-enzyme complex. The homology 

model was used to perform a high throughput virtual screen, and as a result, subsequent 

research was directed to evaluate antihistamines. An additional docking study with 

antihistamines was performed, in which cetirizine was identified as the most likely 

compound to bind to the Na,K-ATPase !4. We subsequently found that cetirizine 

inhibited the Na,K-ATPase !4 activity in vitro and also reduced rat sperm motility in 

vitro. This result suggests that cetirizine could causes infertility problems by inducing 

asthenozoospermia via the inhibition of the Na,K-ATPase !4 and therefore, can be 

considered a new lead scaffold for the male contraceptive drug discovery. The 

advantages of cetirizine compared to ouabain are that its synthesis is much easier and 

shorter than the synthesis of ouabain, and that cetirizine has been on the market for many 

years as a safe drug. 

  

!
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Chapter 2 

Docking Simulation and Molecular Mechanics Calculation of Relative Binding Free 

Energies of Ouabain, SS-I-24, SS-I-42, SS-I-54, and Cetirizine to Investigate the 

Basis for their Selectivity toward the !4 Isoform 

2.1. Introduction 

In order to develop a safe male contraceptive drug, it is necessary to design a 

highly selective compound toward a target that is specifically expressed in the testis such 

as the Na,K-ATPase !4 isoform. Ouabain is highly selective toward the rat !4 over the 

rat !1.39,43 Also, ouabain analogues, SS-I-24, SS-I-42, and SS-I-54, exert excellent 

selectivities toward the rat !4 isoform over the rat !1.85 The antihistamine cetirizine also 

selectively inhibits the rat !4 isoform over the rat !1 isoform. However, the structural 

rationale for their high selectivity toward the rat !4 isoform over the rat !1 has not been 

clearly described. Sequence alignment of the isoforms of the Na,K-ATPase shows that 

the transmembrane domain of the enzyme, where the ouabain binding pocket is located, 

is highly identical (~85% identical).86 The high identity of the transmembrane domain of 

the two isoforms implies that it would be difficult to ascribe the structural origin of their 

selectivity simply based on the alignment of the amino acid residues of the ouabain 

binding pocket of the isoforms of Na,K-ATPase. Computational simulations were, 

therefore, employed to investigate the structural origin of their selectivity in this study. 
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2.1.1. Ouabain and Its Analogues 

Ouabain has been used as a lead compound for the development of male 

contraceptive agents targeting the Na,K-ATPase !4 isoform since it exerts high 

selectivity toward the testis specific !4 isoform over the ubiquitous !1 isoform.43,87 SS-I-

24, SS-I-42, and SS-I-54, analogues of ouabain developed by Shameem et al., is a highly 

selective inhibitor of the Na,K-ATPase !4 (Figure 2.1).85 SS-I-24 is an ouabain analogue 

protected with two acetonide protecting groups on 1-O and 19-O, and 2’-O and 3’-O, and 

two methoxymethyl (MOM) groups on 11-O and 4’-O. SS-I-42 is an ouabagenine 

analogue protected with one acetonide group on 1-O and 19-O, and three MOM groups 

on 3-O, 11-O, and 14-O. SS-I-54 consists of the steroidal skeleton of ouabain and carries 

a benzyltriazole group on C-17. Their IC50 values against the rat !1 and !4 isoforms of 

Na,K-ATPase are shown in Figure 2.1. SS-I-54 exerts the inhibitory activity on sperm 

motility with an IC50 of approximately 10 nM in vitro via inhibition of the Na,K-ATPase 

!4 isoform.85 

 

SS-I-24 is an ouabain analogue that is synthesized by protecting its hydroxyl 

groups with acetonide and MOM groups. As shown in Figure 2.1, the protection of the 1-

OH and 19-OH, and 2’-OH and 3’-OH groups with acetonide protecting groups removes 

the H-bond donors and expands the size and hydrophobic surface of the molecule. In 

addition, MOM protection of 11-OH and 4’-OH converts the H-bond donors to the 

hydrophobic groups. The lactone at C17 was replaced with a hydroxymethyl group, 

which is smaller than the lactone and is a H-bond donor. It is a low nanomolar inhibitor 

of the !4 isoform (IC50 = 1.2 nM) and exerts ca. 6.9 million-fold selectivity toward the rat 
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!4 isoform over the rat !1 (Figure 2.1). SS-I-42 is an ouabain analogue without the sugar 

moiety, of which the 3-OH, 11-OH and 14-OH groups are protected with MOM groups 

and the 1-OH and 19-OH are protected with an acetonide group (Figure 2.1). It is a sub-

nanomolar inhibitor of the rat !4 isoform (IC50 = 240 pM) and exhibits ca. 200 thousand-

fold selectivity toward the rat !4 isoform over the rat !1 (Figure 2.1). SS-I-54 is an 

ouabain analogue in which the hydroxyl groups remain unprotected and the lactone at 

C17 was replaced with a benzyltriazole (Figure 2.1). It is a low picomolar inhibitor of the 

!4 isoform (IC50 = 5.3 pM) and manifests approximately 100 million-fold selectivity 

toward the rat !4 isoform over the rat !1 isoform (Figure 2.1). Cetirizine is an 

antihistamine H1-receptor antagonist that is used for the treatment of hay fever and 

seasonal allergy. It was identified as a selective inhibitor of the rat Na,K-ATPase !4 

isoform from a high throughput virtual screening campaign using a high affinity 

homology model of the Na,K-ATPase !4. 

O
O

HO
OH

OHHO
OH

H
HO

HO

O
O

OH

1
3 10

14
17

19 11

2'
5'

9

!1: IC50 = 4.3 " 10-5 M
!4: IC50 = 1.8 " 10-9 M

HO
OH

OH
H

HO
HO

NN
N

OH

1
3 10

14
17

19 11
9

!1: IC50 = 5.1 " 10-4 M
!4: IC50 = 5.3 " 10-12 M

Ouabain

SS-I-54

N
N

O
O

OHH

Cl

Cetirizine
!1: IC50 = 5.2 " 10-5 M
!4: IC50 = 2.3 " 10-7 M

O
O

MOMO
OH

OH
H

O O
OHOMOM

1
3 10

14
17

19 11

2'
5'

9

!1: IC50 = 8.3 " 10-3 M
!4: IC50 = 1.2 " 10-9 M

SS-I-24

O
O

MOMO
OMOM

OH
H

O O
OHOMOM

1
3 10

14
17

19 11
9

!1: IC50 = 4.9 " 10-5 M
!4: IC50 = 2.4 " 10-10 M

SS-I-42

 

"#$%&'!()!*. Structures of ouabain, its analogues and cetirizine. 



! '(!

 

Mutagenesis studies have been employed to differentiate the ouabain-sensitive 

isoforms of Na,K-ATPase from the ouabain-insensitive isoforms.70,73-76 A site-directed 

mutagenesis study demonstrated that Gln111 and Asn122 of Loop1 connecting M1 and 

M2 helices of the sheep Na,K-ATPase !1 played an important role in ouabain binding.70 

Replacement of these two amino acid residues of the sheep !1 with the corresponding 

amino acid residues of the rat !1, Arg and Asp, reduced the affinity of the enzyme to 

ouabain.70 

 

2.1.2. Docking Simulation and Scoring Function  

Docking is a commonly employed computational method in drug discovery 

projects. There are a number of available docking programs for high throughput virtual 

screening in drug discovery projects such as Glide,77,78,88,89 GOLD,90 FlexX,91 Surflex,92 

AutoDock,93 and DOCK.94,95 Glide, a program for grid-based ligand docking with 

energetics that are implemented in the Schrodinger Suite,78 searches the conformational, 

orientational, and positional space which the ligand may take during the docking process. 

When a proper scoring function is used, scores from a docking simulation can be used to 

predict the relative binding affinity of the ligands for the target protein.77,88,89,96 

89":/;<21/4! =Gscore) of the ligands docked into a target protein, a modification of 

ChemScore scoring function (Eq. 1),96 are calculated based on energies of van der Waals 

(vdW) interactions, Coulombic interactions (Coul), H-bonding interactions, and polar 

interactions in the active site (Site), and reward and penalty terms such as metal-binding 

terms, lipophilic contacts and hydrophobic interactions (Lipo), and penalty for freezing 
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rotatable bonds (Eq. 2).88 Gscores from Glide docking simulation are expressed simply as 

shown in Eq. 3.  

 

&Gbind = C0 + Clipo'f(rlr) + Chbond'g(&r)h(&!) + Cmetal'f(rlm) + CrotbHrotb Eq. 1 

 

&Gbind = Clipo-lipo'f(rlr) + Chbond-neut-neut'g(&r)h(&!) + Chbond-neut-charged'g(&r)h(&!) 

+ Chbond-charged-charged'g(&r)h(&!) + Cmax-metal-ion'f(rlm) + CrotbHrotb + Cpolar-

phobVpolar-pho + CcoulEcoul + CvdWEvdW + solvation terms   Eq. 2 

 

Gscore = a % EvdW + b %ECoul + ELipo + Ehbond + ERewards + ERotB + ESite Eq. 3 

 

where EvdW is the van der Waals interaction energy, ECoul is the Coulombic interaction 

energy, ELipo are the lipophilic-contact and phobic-attractive terms, Ehbond is the hydrogen 

bonding term, EMetal is the metal binding term, ERewards are various rewards and penalty 

terms, penalty for freezing rotatable bonds, and ESite are the polar interactions in the 

active site. The coefficients a and b for vdW and Coul are 0.050 and 0.150 for Glide 

version 5.0, respectively.78 

Binding poses of the ligands can be predicted by performing docking simulations, 

and their rankings of the binding affinity for the ligand-binding site of a target protein 

may be estimated based on the scores from the docking simulations. Therefore, docking 

simulations can be used for a high throughput virtual screen of a ligand library as well as 

for rational drug design.97  
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2.1.3. Background of MM-GBSA 

It is important to understand the molecular recognition process of a guest in its 

biological host for designing highly potent ligands in drug discovery projects. The 

molecular recognition takes place via physicochemical interactions of the guest molecule 

with its host, which can be affected by the physicochemical properties of the guest such 

as conformation, size, charges, hydrophilicity and hydrophobicity. The interaction can be 

tuned via chemical modification of the guest molecule that changes its binding affinity 

for its biological host. In general, the binding affinity is represented by a dissociation 

constant, Kd, under an equilibrium condition as shown below:   

 

A B A B  

Kd =
[A][B]
[AB]  

 

The binding affinity of a compound for its biological target can be experimentally 

determined from a kinetic study for the ligand-enzyme binding. Also, the binding affinity 

of a guest molecule can be computed by calculating the binding free energy as shown in 

Eq. 4.  

 

#Gbind = #G0 - RTlnKd       Eq. 4 

 

where #Gbind is the free energy of binding, #G0 the free energy of binding at the 

condition of 1 M of A and B, 298.15 K and 1 atm,  R the gas constant, and T the 
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temperature. The relative binding free energy can also be calculated by subtracting the 

energies of a ligand and a receptor from the energy of the ligand-receptor complex as 

shown in Eq. 5: 

 

!Gbind = Ecomplex – (Eligan + Ereceptor)      Eq. 5 

 

The binding free energy of a compound is important information for the 

understanding of a ligand binding to its biological target and for designing potent 

therapeutics. Therefore, there have been efforts to compute the binding free energy using 

the molecular mechanics-Poisson-Boltzmann surface area (MM-PBSA) or the molecular 

mechanics-generalized Born surface area (MM-GBSA). Due to the extended calculation 

time and the computing cost, the methods using quantum mechanics are currently not 

practical.98 Therefore, a combination of two methods such as MM-PBSA and MM-GBSA 

are developed and validated with a large number of training set structures from the PDB 

database.99 Recently, the MM-GBSA method was used to compute the binding free 

energies of protein-ligand complexes in the PDBbind database100,101 and the computed 

binding free energies and experimentally measured binding affinities were in good 

agreement with each other (R2 = 0.63).3  

     

MM-GBSA is a method to calculate the binding free energy of a compound to a 

target protein (Eq. 6).98,99 This method consists of two methods, molecular mechanical 

and generalized Born methods: The molecular mechanical method is used to calculate the 

gas phase energy for solute configurations, and the GBSA method is used to calculate the 
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solvation free energy.98,102 Therefore, in the MM-GBSA method, the solvation free 

energy term is included in calculating the binding free energy by incorporating the 

generalized Born model into molecular mechanics calculations.98,102 

 

&G = &EMM + &Gsol – T&S       Eq. 6 

 

where &EMM is the combination of energies from bond, angle, and torsion terms in the 

force field and a van der Waals term and a Coulombic term as shown in the following 

equation (Eq. 7): 

 

&EMM = &Ebat + &EvdW + &Ecoul      Eq. 7 

where  

&Ebat = &Ebond + &Eangle + &Etorsion      Eq. 8 

 

The solvation free energy term is expressed as the sum of the polar and the non-

polar contribution as shown in Eq. 9: 

 

&Gsol = &Gsov,p + &Gsolv,np       Eq. 9 

 

The polar contribution (&Gsov,p), electrostatic contribution in solvation, is 

calculated by the Generalized Born method and the non-polar contribution (&Gsolv,np) is 

the combination of the cavity term and the van der Waals term and calculated based on 
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the solvent accessible surface area (SA) that can be expressed as shown in the following 

equation (Eq. 10): 

 

&Gsolv,np = &Gcav + &GvdW       Eq. 10 

 

Therefore, Eq. 6 can be rewritten as shown in Eq. 11: 

 

&G = &Ebond + &Eangle + &Etorsion t + &EvdW + &Ecoul + &Gsov,p + &Gcav + &GvdW – 

T&S         Eq. 11 

 

The entropy term, -T&S, is often ignored in computing a relative binding free energy103-

105 while it can be calculated by MM method.106  

 

The MM-GBSA method has been implemented in Prime of the Schrodinger 

Suite.107 Prime MM-GBSA108-111 calculation is based on the SGB solvation model that 

was described by Ghosh and coworkers in 1998,108 and additionally parameterized based 

on the papers published in 2006,110 2007,109 and 2011.111 The MM calculation is 

performed with the OPLS force field with physics-based corrections such as terms for pi-

stacking and H-bonding interactions.112,113 
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2.1.4. Molecular Dynamics Simulation 
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2.2. Objectives and Hypothesis 

The objectives of this study are to understand the structural origin of the 

selectivity of ouabain, its analogues, and cetirizine toward the !4 isoform over the !1 

isoform.    

 

Na,K-ATPase is a dynamic protein that undergoes conformational changes 

induced by ligand binding.20  Based on the fact that ouabain has higher affinity for the !4 

isoform over the !1 isoform, the conformational changes of the !4 isoform upon ligand 

binding might be distinct from the !1 isoform. It was reported that Loop1 linking M1 and 

M2 of Na,K-ATPase played a key role in stabilizing the ouabain-enzyme complex in the 

case of the ouabain-sensitive isoform of the enzyme. It was, therefore, hypothesized that 

Loop1 of the ouabain-sensitive isoform might be more dynamic than that of the ouabain-

insensitive isoforms and the relaxation of the complex might induce a high affinity 

conformation of Loop1 of the enzyme and enhance the ouabain-enzyme interaction in the 

case of the !4 isoform. In contrast, the relaxation of the !1 isoform with ouabain would 

not stabilize the interaction between ouabain and the enzyme as much as with the !4 

isoform. In order to investigate this hypothesis, we planned to employ computational 

simulation methods such as homology modeling, docking simulations, binding free 

energy calculations using the MM-GBSA method, and MD simulations.  
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2.3. Results and Discussion 

2.3.1. Docking Simulations with the Homology Models of the Rat Na,K-ATPase 

Isoforms  

The biological evaluation of these compounds were performed with the rat !1 and 

!4 isoforms of the Na,K-ATPase. Homology models of the rat isoforms of the enzyme 

were generated with the same method as the one used for the generation of the homology 

models of the human isoforms of Na,K-ATPase discussed in Chapter 1. The homology 

models of the rat !1 and !4 isoforms of Na,K-ATPase were generated in Prime124 based 

on the cocrystal structure of the shark derived Na,K-ATPase with ouabain (PDB ID: 

3A3Y).20 The final homology models were generated via the relaxation of the initial 

models without ouabain in MacroModel125 followed by the incorporation of ouabain and 

a protein preparation with the protein preparation wizard in the Schrodinger Suite.126  

 

These homology models were used for docking simulations with ouabain, its 

analogues, and cetirizine to study the origin of the high selectivity of the compounds 

toward the !4 isoform over the !1 isoform. In docking simulations of these compounds 

with the homology models of the rat isoforms, the rat !1 and !4 isoforms of the Na,K-

ATPase, Gscores were computed along with Hbond, vdW, Coul, Emodel, CvdW, and 

Intern and the top scoring poses were selected for further simulations.!!

!

As shown in Table 2.1, A./! 4<21/4! E12>! A./! :2<^"@F! 4">390A"2@! 2E! 230D0"@!

H"A.! A./! 21"F"@09! .2>292F?! >2:/94! =VSUN! :":! @2A! B12#":/! 34! H"A.! 0! 4A13<A3109!

10A"2@09/!E21!"A4!."F.!0EE"@"A?!E21!A./!10A!!4 isoform: The Gscore for the rat !1 isoform 
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OHM was lower than that for the rat !4 isoform OHM. Differences in the Gscores of SS-

I-24, SS-I-54, and cetirizine for the rat !1 isoform and the rat !4 isoform were not 

significant while the difference of the Gscore for SS-I-42 was -2.3 kcal/mol. No 

significant differences of Hbond and vdW of the rat !4 isoform OHM and the rat !1 

isoform OHM for all 5 compounds were observed (Table 2.1). Coul for OHM models of 

the rat !1 isoform and the rat !4 isoform did not indicate a higher affinity of the 

compounds for the rat !4 isoform isoform except SS-I-42 and cetirizine. Differences of 

Coul of the rat !1 isoform (OHM) and the rat !4 isoform (OHM) for SS-I-42 and 

cetirizine are -3.7 kcal/mol for SS-I-42 and -4.1 kcal/mol for cetirizine. Based on the 

scores of docking simulations of the compounds, it could not be determined why the 

compounds had higher affinity for a specific isoform. Therefore, the initial docking poses 

of each compound in the rat !4 and !1 isoforms were merged and the complexes were 

relaxed.   

 

Each compound was re-docked to a relaxed homology model (RHM) of each 

isoform with which the compound was relaxed. Significant improvements of Gscore, 

Hbond, Coul, and Emodel were observed in the rat !4 isoform and compared to those in 

OHM of the rat !4 isoform, and OHM and RHM of the rat !1 isoform models (Table 

2.1). Significant stabilization was also observed in the docking simulation of ouabain, its 

analogues, and cetirizine to RHM of the rat !4 isoform compared to OHM of the rat !4 

isoform, and OHM and RHM of the rat !1 isoform models (Table 2.1). The changes of 

the scores of ouabain with the rat !4 isoform, Gscore, Hbond, vdW, and Coul, were -3.9, 

-1,8, 2.3, -2.2 kcal/mol while those for the rat !1 isoform were -0.8, 2.2, -3.8, and 2.2 
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kcal/mol. The changes of the scores of SS-I-24 with the rat !4 isoform, Gscore, Hbond, 

vdW, and Coul, were -2.3, -0.5, -19.4, and -2.9 kcal/mol while those for the rat !1 

isoform were -2.1, -0.8, -11.6, and -2.2 kcal/mol. The changes of the scores of SS-I-42 

with the rat !4 isoform, Gscore, Hbond, vdW, and Coul, were -0.7, 0.7, -10.5, and 3.7 

kcal/mol while those for the rat !1 isoform were -1.3, -0.6, -3.2, and -8.2 kcal/mol. The 

changes of the scores of SS-I-54 with the rat !4 isoform, Gscore, Hbond, vdW, and Coul, 

were -4.3, -2.0, -6.7, and -11.3 kcal/mol while those for the rat !1 isoform were -1.9, 0.5, 

-11.7, 0.4 kcal/mol. The changes of the scores of cetirizine with the rat !4 isoform, 

Gscore, Hbond, vdW, and Coul, were -1.9, -0.4, -6.3, and -2.4 kcal/mol while those for 

the rat !1 isoform were -2.3, -1.1, -3.9, and -8.0 kcal/mol. These results suggest that the 

rat !4 isoform might be more dynamic and stabilize the ligand-enzyme complex more 

efficiently than the rat !1 isoform.  
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           Table 2. 1. The scores from docking simulations of ouabain, its analogues, and cetirizine with the rat !4 and !1 isoforms  

compound isoform mode
l Gscore Hbond vdW Coul Emodel Cvdw Intern !"#$%&'(%

ouabain 
the rat !4 OHM -7.5 -2.8 -38.7 -11.9 -49.0 -50.6 5.6 

)*+%,%)$-.%RHM -11.4 -4.6 -36.4 -14.1 -82.7 -50.6 1.8 

the rat !1 
OHM -9.8 -4.2 -29.4 -17.0 -57.2 -46.4 7.3 

/*0%,%)$-#%RHM -10.6 -4.0 -33.2 -14.8 -60.8 -48.0 7.9 

SS-I-24 
the rat !4 

OHM -6.3 -1.1 -28.0 -2.5 -46.7 -30.5 6.9 
)*1%,%)$-.%RHM -8.6 -1.6 -47.4 -5.4 -81.6 -52.8 7.8 

the rat !1 OHM -5.8 -1.5 -32.3 -8.3 -49.4 -40.6 11.8 
+*0%,%)$-0%RHM -7.9 -2.3 -43.9 -10.5 -69.1 -54.4 8.6 

SS-I-42 
the rat !4 OHM -7.0 -1.7 -28.7 -7.2 -34.7 -35.9 8.9 

1*/%,%)$-)$%RHM -7.7 -1.0 -39.2 -3.5 -59.8 -42.6 8.6 

the rat !1 OHM -4.7 -1.2 -32.1 -3.5 -46.2 -35.6 6.5 
/*.%,%)$-#%RHM -6.0 -1.8 -35.3 -11.7 -65.2 -47.1 5.0 

SS-I-54 
the rat !4 OHM -6.7 -1.8 -33.9 -5.4 -46.9 -39.3 3.3 

#*0%,%)$-)1%RHM -11.0 -3.8 -40.6 -16.7 -82.7 -57.4 3.2 

the rat !1 
OHM -6.0 -2.4 -28.7 -15.6 -67.8 -44.3 1.6 

#*)%,%)$-/%RHM -7.9 -1.9 -40.4 -15.2 -79.5 -55.5 9.1 

cetirizine 
the rat !4 

OHM -5.3 -0.3 -28.4 -4.7 -38.0 -33.2 9.1 
1*0%,%)$-2%RHM -7.2 -0.7 -34.7 -7.1 -58.8 -41.8 3.0 

the rat !1 OHM -4.8 0.0 -28.5 -0.6 -34.7 -29.1 12.4 
#*1%,%)$-#%RHM -7.1 -1.1 -32.4 -8.6 -57.8 -41.0 3.7 

OHM: original homology model; RHM: Relaxed homology model; Gscore: Glide Score; Hbond: H-bonding interaction 

energy; vdW: van der Waals interaction energy; Coul: Coulombic interaction energy; Emodel: model energy; Cvdw: 

the combination of van der Waals and Coulombic interaction energies; Intern: internal energy.!
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2.3.2. Binding Modes of the Compounds in the Rat Na,K-ATPase Isoforms. 

Conformational changes of the complexes of the rat !4 isoform with the 

compounds were induced by energy minimization treatment. Root mean square 

deviations (RMSD) between the structures before and after relaxation of the overall 

structures of the complexes are listed in Table 2.2. The lower values of alignment scores 

and RMSD represent the better alignment. Since the mutation studies demonstrated a 

crucial role of Loop1 linking M1 and M2 helices in ouabain binding, Loop1 of the rat !1 

and !4 isoforms with the compounds were analyzed. Loop1 of the rat !4 was shifted by 

the energy minimization treatment toward ouabain while !1 isoform was not (Figure 2.2). 

The shift of Loop1 of the rat !4 enhanced the H-bonding interaction of Asn129 with the 

19-OH of ouabain and also it brought the imidazole ring of His118 toward ouabain and 

enhanced the Coulombic interaction as well as van der Waals interaction with ouabain. 

This simulation result is consistent with the reported result from a mutation study that 

demonstrated that Asn129 is essential for high sensitivity of the !4 isoform for ouabain.70  
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Table 2. 2. RMSD and alignment scores of the ligand-enzyme 

complexes between before and after relaxation 

 isoform RMSD (Å) Alignment score 

ouabain 
rat !1 0.789 0.029 

rat !4 0.598 0.016 

SS-I-24 
rat !1 0.761 0.029 

rat !4 0.630 0.018 

SS-I-42 
rat !1 0.735 0.027 

rat !4 0.605 0.017 

SS-I-54 
rat !1 0.682 0.025 

rat !4 0.621 0.018 

Cetirizine 
rat !1 0.655 0.023 

rat !4 0.636 0.019 
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(a) 

 

(b) 

 

Figure 2. 2. Docking poses of ouabain in (a) the rat !1 and (b) the rat !4: Conformations 

before (gray) and after (green) relaxation. 
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SS-I-24 did not induce a significant conformational change of Loop1 of the rat !1 

isoform during the energy minimization (Figure 2.3). However, it induced a significant 

shift of Loop1 of the rat !4 isoform toward SS-I-24. Also, the binding mode of the sugar 

moiety of SS-I-24 in the rat !4 is different from that in the rat !1 isoform. In the rat !1 

isoform, the MOM group of the 4’-O forms a H-bonding interaction with Tyr869 and 

Coulombic interactions with Lys873, whose conformation is constrained by Asp852 and 

Glu876. The O6 of the sugar ring and 2’-O have Coulombic interactions with Arg79. 

Phe751 forms hydrophobic interaction with C6, C7, C8, and the C18 methyl group. 

Phe754 has hydrophobic interaction with C19 while Phe284 is not involved in a 

hydrophobic interaction with SS-I-24. Thr765 forms a H-bonding interaction with the 

MOM protecting group at the 11-OH and the OH of the 17-hydroxymethyl forms a H-

bonding interaction with Gly287 and Ala291.  

In the case of the rat !4 isoform, compound SS-I-24 is bound to the M4 helix in a 

slightly different form from that observed for !1. His118 is shifted toward the compound 

by a shift of Loop1 and also the conformation of its imidazole ring was rotated by ca. 

94°. The shift of this loop caused enhanced hydrophobic interactions between Tyr122 and 

the!$%$!&'()*+),-.!.'(/&!(0!123%4!5-6!)7*!8*)79:!.'(/&!(-!;<2!(0!)7*!=/.5'!8(,*)9!

(0!>>3?3@1A! BC*0('*! '*:5D5),(-, Tyr122 was in a distance farther than 5Å.) The 14-OH 

forms a H-bonding interaction with Thr804. In both conformations of the rat !4 before 

and after minimization, Phe323, Phe793, Leu794, Phe790, and Leu800 form a 

hydrophobic surface for the ! face of the steroid core of SS-I-24. 
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(a) 

 

(b) 

 

Figure 2. 3. Docking poses of SS-I-24 in (a) the rat !1 and (b) the rat !4: Conformations 

before (gray) and after (green) relaxation. 
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SS-I-42 did not induce a significant conformational change of either rat !1 or !4 

(Figure 2.4). SS-I-42 is an analogue in which the sugar moiety is replaced with a MOM 

group and the 14-OH is protected with a MOM group. It is structurally less bulky than 

SS-I-24 although it carries an additional hydrophobic MOM group on 14-OH. Due to the 

overall structure of SS-I-42, different from ouabain and SS-I-24, (SI Figure 2.1), the 

binding mode of SS-I-42 in the rat !1 is distinct from that of those compounds: It has a 

flipped binding mode (Figure 2.4). The hydroxymethyl group on C17 interacts with 

Glu876 and Arg940 of the rat !1 isoform, whereas the side chains of Arg79 and Asp90 in 

Loop1 of the rat !1 isoform did not interact with SS-I-42. In the rat !4, Loop1 is shifted 

toward the outside of the  ouabain binding pocket. This shift also repositions the side 

chains of His118 and Asn129. As shown in Figure 2.4, the ligand still maintain the 

distance for Coulombic interactions with His118 and Asn129.  
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(a) 

 

(b) 

 

 

Figure 2. 4. Docking poses of SS-I-42 in (a) the rat !1 and (b) the rat !4: Conformations 

before (gray) and after (green) relaxation. 
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In the rat !1, SS-I-54 did not induce a significant conformational change through 

the relaxation. In the rat !4 isoform, the loop of M1-M2 was slightly shifted, however, it 

was shifted toward the outside of the ouabain binding pocket (Figure 2.5). This shift also 

repositioned the side chain of His118 but not of Asn129. The benzyl group of SS-I-54 

occupies the hydrophobic pocket consisting of Leu104, Leu136, Val329, Ala330, 

Thr804, Ile807, and Lue808. Before and after relaxation of the complex, the hydrophobic 

surface formed by Phe323, Phe790, and Phe793 interacted with the southern part (C4, 

C6, C7, C15, and C16) of the steroid skeleton. The triazole moiety of SS-I-54, and the 

side chain of Ile322 interact at the ! face of the steroid core. In addition, the 1-OH group 

forms a H-bonding interaction with the imidazole of His118, 3-OH with Asp319, and 11-

OH and 19-OH with Asn129. The triazole moiety of SS-I-54 forms a H-bonding 

interaction with Thr804 after the relaxation of the SS-I-54 rat !4 complex while it did not 

before the relaxation.  
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(a) 

 

(b) 

 

Figure 2. 5. Docking poses of SS-I-54 in (a) the rat !1 and (b) the rat !4: Conformations 

before (gray) and after (green) relaxation.  
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In the rat !1, cetirizine did not induce a significant conformational change 

through the relaxation when compared to the rat !4 isoform (Figure 2.6). The binding 

mode of cetirizine in the rat !1 isoform is different from that in the rat !4 isoform. In the 

rat !1 isoform both before and after relaxation, the carboxyl group of cetirizine forms a 

H-bonding interaction with Arg940 that forms H-bonding interactions with Asp89 

(Figure 2.6a). In the rat !4 isoform, the loop of M1-M2 was slightly shifted, however, it 

was shifted toward the outside of the ouabain binding pocket in the same manner as for 

SS-I-54 (Figure 2.6b). This shift also reorients the side chain of His118 but not of 

Asn129 of the Loop1 so that H-bonding interactions are formed between these two amino 

acid residues and the carboxy terminal of cetirizine. The diaryl group of cetirizine 

occupies the hydrophobic pocket made up of Cys111, Leu132, Leu136, Ile322, Ile327, 

Val329, Ala330, Phe790, Thr804, and Ile807 of the rat !4 isoform. In both before and 

after relaxation of the complex, the hydrophobic surface formed by Ile322, Phe323 and 

Phe790 forms a hydrophobic interaction with the piperazine moiety. In addition, The 

hydroxyl group of Thr804 of the rat !4 isoform and that of the corresponding amino acid 

residue of the rat !1 do not form a H-bonding interaction with cetirizine.  
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(a) 

 

(b) 

 

Figure 2. 6. Docking poses of cetirizine in (a) the rat !1 and (b) the rat !4: 

Conformations before (gray) and after (green) relaxation. 
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2.3.3. Calculation of Relative Binding Free Energies using the MM-GBSA Method 

The calculated relative binding free energy (!G) of a ligand in a target protein is 

useful in estimating the relative affinity of a ligand for its target protein since !G can be a 

measure of binding affinity of a ligand for its target protein. $!%&'()*+*,&-+.!'/*0&1!

)2,-3!45//!/-/536!(/5*)57+*,&-!899:;!&4!+!.,3+-1</-=6'/!%&'(./>!76!5/(.+%,-3!*0/!

.,3+-1! ?,*0! +! -/?! .,3+-1! ,2! (&?/54).! ,-! +! ./+1! &(*,',=+*,&-! (5&%/22! ,-! 15)3!

1,2%&@/56A"BCDEB<DE#! F,-%/! *0/! 99:! ,2! +! 2*+*/! 4)-%*,&-! ?0/-! .,3+-1! $! ,2! ')*+*/1! *&!

.,3+-1!G!8F%0/'/!EAD!+-1!HIA!EADE;C!-&!'+**/5!0&?!,*!3&/2!*05&)30C!*0/!*&*+.!99:!4&5!

*0/!')*+*,&-!&4! .,3+-1!$! *&! .,3+-1!G! ,2! *0/!2+'/!+2!20&?-! ,-!HIA!EADJA! K4! *0/!2+'/!

(5,-%,(./!,2!)2/1!4&5!*0/!%+2/!&4!&-/!%&'(&)-1!?,*0!*?&!,2&4&5'2!&4!L+CM<$NO+2/C!,*!

'+6!7/!(&22,7./!*&!(5/1,%*!*0/!2/./%*,@,*6!&4!*0/!%&'(&)-1!*&?+51!&-/!,2&4&5'!&@/5!

*0/!&*0/5A!It was, therefore, hypothesized that it might be useful to compute the relative 

b,-1,-3! 45//! /-/536! &4! +! %&'(&)-1! 4&5! *?&! ,2&4&5'2C! *0/! PD! +-1! *0/! PQC! &4!L+CM<

$NO+2/!,-!,-@/2*,3+*,-3!*0/!0,30!+44,-,*6!&4!+!%&'(&)-1!4&5!+!2(/%,4,%!,2&4&5'C!*0/!PQC!

&@/5!PDA!!

!

!

!

!

!

!

!

!
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Scheme 2. 1. Thermodynamic cycle of a ligand mutation from A to C 

A B A

C

B

BC B

!Gb

!Ga

!Gc

!Gd

!

!

!

$%&!'!$%(!)!$%*!'!$%+!! ! ! ! ! ! ! ,-./0!

1234356437!

$$%!)!$%&!8!$%+!)!$%*!8!$%(!!! ! ! ! ! ! ,-./9!

!

:;!<&=! &>=6! ;26?@2;! ;2&;! ;23! (A55343B+3! 65! ;23! 43>&C;AC3! *AB(AB@! 5433! 3B34@D!

*35643! &B(! &5;34! 43>&E&;A6B! <6?>(! *3! &! F3&=?43! 65! G6;3B+D! 65! &! +6FG6?B(! 564! &!

(DB&FA+!3BHDF3!=AB+3!A;!+6?>(!=26<!26<!<3>>!;23!>A@&B(83BHDF3!+6FG>3E!+6?>(!*3!

=;&*A>AH3(.! 123! II8%JKLJMNO! F3;26(! +&B! *3! &GG>A3(! ;6! &! 43>&E3(! >A@&B(8G46;3AB!

+6FG>3E!;6!+&>+?>&;3!&!43>&;AC3!*AB(AB@!5433!3B34@D!65!&! >A@&B(./9#7/9/!1234356437!;23!

43>&;AC3! *AB(AB@! 5433! 3B34@A3==! 65! ;23! +6FG6?B(=! 564! ;23! P/! &B(! ;23! PQ! 65! R&7S8

O1L&=3! &B(! <A;2! ;23A4! 43>&E3(! =;4?+;?43=! <343! +6FG?;3(! ?=AB@! ;23! II8%JNO!

F3;26(. Two different conformations of each isoform, the original homology model 

(OHM) and the relaxed homology model (RHM), were used to calculate the relative 

binding free energies of ligands to a target enzyme and to determine how the 
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conformational change of the enzyme after a ligand binding would affect the binding 

affinity of a ligand. Based on the inhibitory activity data shown in Table 2.1, it was 

thought that these inhibitors would have lower relative !G for the "4 isoform than "1 

isoform. Using their docking poses in both the rat !1 isoform and the rat !4 isoform, their 

relative binding free energies (!G) of the inhibitors were computed in order to study the 

correlation of !G and the inhibitory activity of the compounds. 

 

Docking simulations combined with energy minimization of the ligand-protein 

complexes suggest that the dynamic property of the loop of M1-M2 might be the origin 

of the selectivity of ouabain, ouabain analogues, and cetirizine. It was, therefore, 

hypothesized that significant changes of their relative binding free energies (!!G) would 

result from the relaxation of the inhibitor-Na,K-ATPase !4 complexes compared to the 

inhibitor-Na,K-ATPase !1 complexes. The homology model with ouabain was 

minimized followed by calculation of the relative binding free energy of ouabain in 

Prime MM-GBSA. Ouabain analogues and cetirizine were docked in the homology 

models of the rat Na,K-ATPase !1 and !4 isoforms and the complexes of the ligand-

protein structures were relaxed in MacroModel125 and the relative binding free energies 

were calculated in Prime MM-GBSA.124 

 

Relative binding free energy (!G) calculation with the MM-GBSA method 

provided the results showing that ouabain, ouabain analogues, and cetirizine were bound 

to the relaxed "4 isoform with higher affinity than the "1 isoform (Table 2.3 and Figure 

2.7). The relative binding free energy (!G) of ouabain for the "4 isoform are -96.3 



! "#!

kcal/mol and -105.3 kcal/mol before and after relaxation respectively while those for the 

!1 isoform are -92.8 kcal/mol and -89.7 kcal/mol before and after relaxation respectively. 

The relative binding free energy ("G) of SS-I-24 for the !4 isoform are -102.7 kcal/mol 

and -120.4 kcal/mol before and after relaxation respectively while those for the !1 

isoform are -79.7 kcal/mol and -110.3 kcal/mol before and after relaxation respectively. 

The relative binding free energy ("G) of SS-I-42 for the !4 isoform are -77.9 kcal/mol 

and -107.0 kcal/mol before and after relaxation respectively while those for the !1 

isoform are -66.7 kcal/mol and -89.5 kcal/mol before and after relaxation respectively. 

The relative binding free energy ("G) of SS-I-54 for the !4 isoform are -74.3 kcal/mol 

and -107.5 kcal/mol before and after relaxation respectively while those for the !1 

isoform are -84.3 kcal/mol and -95.0 kcal/mol before and after relaxation respectively. 

"G of SS-I-54 for the rat !1 isoform OHM was lower than that for the rat !4 isoform 

OHM (Table 2.3 and Figure 2.7). However, the relative binding free energy ("G) of SS-I-

54 for the rat !4 isoform became much lower than that of SS-I-54 for the rat !1 isoform, 

which suggests a much more dynamic stabilization of the SS-I-54 rat !4 isoform complex 

than that of the SS-I-54 rat !1 isoform complex. The relative binding free energy ("G) of 

cetirizine for the !4 isoform are -61.4 kcal/mol and -68.6 kcal/mol before and after 

relaxation respectively while those for the !1 isoform are -58.6 kcal/mol and -68.0 

kcal/mol before and after relaxation respectively. Ouabain and ouabain analogues showed 

significant differences between the relaxed rat !4 isoform and the relaxed rat !1 isoform 

while cetirizine did not (Table 2.3 and Figure 2.7). Although there is no significant 

difference between the complexes of the relaxed the rat !4 isoform and the rat !1 isoform 

with cetirizine, "G!$%&'()!*+!,-(!!4 ./0!1*2(&)!34,-!,-(!5*16*'72)!%8(!&*3(8!,-%7!
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$%&'(!&)!$%(!!1 RHM models (Table 2.3 and Figure 2.7). These results suggest that the 

!4 isoform might stabilize the SS-I-54 rat !4 isoform complex more dynamically 

following ligand binding compared to the !1 isoform.  

 

!"#$%& '(& )( Binding free energies of the Na,K-ATPase inhibitors before 

(OHM) and after relaxation (RHM) of the inhibitor-Na,K-ATPase complex! 

compound isoform model !"# $%&'#()*#

ouabain 

the rat !4 
OHM +,-./#

0.1#2#0'+,#
RHM +0'&./#

the rat !1 
OHM +,3.1#

4./#2#0'+&#
RHM +1,.5#

SS-I-24 

the rat !4 
OHM +0'3.5#

0.3#2#0'+,#
RHM +03'.4#

the rat !1 
OHM +5,.5#

1./#2#0'+/#
RHM +00'./#

SS-I-42 

the rat !4 
OHM +55.,#

3.4#2#0'+0'#
RHM +0'5.'#

the rat !1 
OHM +--.5#

4.,#2#0'+&#
RHM +1,.&#

SS-I-54 

the rat !4 
OHM +54./#

&./#2#0'+03#
RHM +0'5.&#

the rat !1 
OHM +14./#

&.0#2#0'+4#
RHM +,&.'#

cetirizine 
the rat !4 

OHM +-0.4#
3./#2#0'+5#

RHM +-1.-#

the rat !1 
OHM +&1.-#

&.3#2#0'+&#
RHM +-1.'#
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Figure 2. 7. Binding free energies of Na,K-ATPase inhibitors in the original and the 

relaxed homology models. rAA1 and rAA4 represent the Na,K-ATPase !1 and !4 

isoforms, respectively. 

 

2.3.4. Relationship between ""G for the Relaxation of a Ligand-Enzyme Complex 

and the Potency of the Inhibitors 

""G values of the compounds for the rat !4 isoform correlated well with the 

inhibitory activity of the compounds as shown in Table 2.4 and Figure 2.8 although it is 

not a linear correlation. ""G’s for the relaxation of a ligand-Na,K-ATPase !4 complex 

are -9.0 kcal/mol for ouabain, -17.7 kcal/mol for SS-I-24, -23.1 kcal/mol for SS-I-42, -

33.2 kcal/mol for SS-I-54, and -7.2 kcal/mol for cetirizine. This result indicates that the 

degree of stabilization of an inhibitor-enzyme complex could be a relative measure of the 

potency of the inhibitors for the enzyme. 
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Table 2. 4. Relationship between !!G and the inhibitory 

activity of compounds for the rat Na,K-ATPase "4 

Compound 
!!G 

(kcal/mol) 
ln(IC50) 

Cetirizine -7.2 -15.285 

ouabain -9.0 -20.135 

SS-I-24 -17.7 -20.541 

SS-I-42 -29.1 -22.150 

SS-I-54 -33.2 -26.002 

 

!

Figure 2. 8. Relationship between !!G and the inhibitory activity of compounds for the 

rat Na,K-ATPase "4.  
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2.3.6. Major Contributors in the Ligand-Enzyme Interactions  

Coul, lipo, and vdW are the major contributors in ouabain binding to both 

isoforms, the !1 and the !4 (Table 2.5) while GBsol is a penalty in ouabain binding to 

each isoforms. The change of Coul from the relaxation of the rat !1 model with ouabain 

is 22.7 kcal/mol by which the ouabain binding affinity is reduced although this term is a 

major contributor to the ouabain binding to each conformation of each isoform. However, 

the change of this term of the rat !4 isoform is -2.0 kcal/mol by which ouabain binding 

affinity for the rat !4 isoform is enhanced. 

 

The change of lipophilic term, "Glipo, is also a major contributor in ouabain 

binding to both the rat !1 and !4 isoforms. The change of lipophilic term for ouabain 

binding to the rat !1 is -0.4 kcal/mol, which is similar to the value for the rat !4 isoform 

(Table 2.5). GBsol term lowers ouabain affinity to each conformation of the isoforms 

(Table 2.5). However, the relaxation of the rat !1 model significantly reduced the penalty 

from this term (""Gsol = -22.1 kcal/mol) so that ouabain’s affinity for the rat !1 isoform 

is improved. This term is not significantly decreased for the rat !4 isoform: ""Gsol = -0.6 

kcal/mol from the relaxation of the rat !4 model (Table 2.5). Another major contributor 

in ouabain binding to the isoforms of the enzyme is the van der Waals interaction term, 

"GvdW. Ouabain binding to the rat !4 isoform is enhanced by "GvdW by -8.2 kcal/mol 

while its binding to the rat !1 isoform is not enhanced by this term (Table 2.5).  
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For the rat !1 isoform, the relative binding free energy was changed from -92.8 to 

-89.7 kcal/mol and the ouabain-rat !1 isoform complex was destabilized by 3.1 kcal/mol. 

However, for the rat !4 isoform, the relative binding free energy was decreased from -

96.3 to -105.3 kcal/mol and the ouabain-rat !4 isoform complex was stabilized by -9.0 

kcal/mol. For the relaxation of the !1 isoform, the lipophilic interaction term, and the GB 

term for solvation are the major parts of the stabilizing effect of the complex while the 

Coulombic, H-bonding interaction, and vdW interaction terms are the terms for the 

destabilizing effects of ouabain binding to the !1 isoform. However, ouabain binding to 

the !4 isoform is stabilized mainly by the Coulombic and van der Waals interactions. 

The lipophilic interaction term and the GB term for solvation didn’t affect ouabain 

binding to the !4 isoform significantly. MM-GBSA calculation suggests that the low 

affinity of the rat !1 isoform for ouabain might result from the reduction of favorable 

Coulombic and H-bonding interactions. It also suggests that the enhanced affinity of 

ouabain for the rat !4 isoform might result from the enhanced Coul and vdW 

interactions. 

 

Coul, Lipo, and vdW interactions are the major contributors in binding of SS-I-24 

to both isoforms (Table 2.6). The relaxation of the complex of SS-I-24 and the enzyme 

enhanced Coul interaction by -1.9 kcal/mol for the rat !1 isoform and -14,8 kcal/mol for 

the rat !4 isoform. Lipo values of the complexes for both the rat !1 isoform and the rat 

!4 isoform were not significantly changed by the relaxation of the complexes. vdW 

interactions were enhanced in both the rat !1 isoform and the rat !4 isoform with SS-I-

24: -17.8 kcal/mol for the rat !1 isoform and -4.5 kcal/mol for the rat !4 isoform. 
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Covalent and Sol_GB terms were the major penalty in SS-I-24 binding to both isoforms. 

Sol_GB increased by 3.2 kcal/mol from the relaxation of the complex of the !1 with SS-

I-24 and by 3.6 kcal/mol from the relaxation of the complex of the !4 with SS-I-24. 

However, via the relaxation, Covalent was improved by -12.7 kcal/mol for the rat !1 

isoform while it was not for the rat !4 isoform. Hydrogen bonding interactions for the 

complex of the rat !4 isoform was enhanced by -2.9 kcal/mol while it was not for the rat 

!1 isoform. 

 

Coul, Lipo, and vdW interactions are the major contributors in binding of SS-I-42 

to both isoforms (Table 2.7). The relaxation of the complex of SS-I-42 and the enzyme 

enhanced Coul by -24.9 kcal/mol for the rat !1 isoform while it weakened Coul by 4.8 

kcal/mol for the rat !4 isoform. Lipo value of the complex of the rat !4 isoform was 

significantly improved by -12.5 kcal/mol via the relaxation while that of the complex of 

the rat !1 isoform was increased by 1.4 kcal/mol via the relaxation of the complexes. 

vdW interaction for the complex of the rat !4 isoform was enhanced by -13.0 kcal/mol, 

but there was no significant change for the complex of the rat !1 isoform. Sol GB term 

was the major penalty in SS-I-42 binding to both isoforms. The relaxation of the 

complexes did not affect this term significantly (29.5 to 29.8 kcal/mol for the !1 and 22.7 

to 21.6 kcal/mol for the !4). Another penalty for SS-I-42 binding to the target isoforms of 

the enzyme is Covalent: Covalent for the complex with the rat !4 isoform was improved 

by -7.7 kcal/mol by the relaxation of the complex while it was slightly increased by 1.5 

kcal/mol in the case of the rat !1 isoform. Hydrogen bonding interaction for the complex 



! "#!

with the rat !1 isoform was improved by -1.0 kcal/mol while that for the complex of the 

rat !4 isoform was not improved. 

 

Coulombic, lipophilic, and van der Waals interactions are the major contributors 

for SS-I-54 binding to the original and the relaxed models of both isoforms, the rat !1and 

the rat !4 isoforms while the Sol_GB solvation term is a penalty in SS-I-54 binding 

(Table 2.8). Sol_GB term did not change significantly for !1 while it changed from 21.8 

to 27.0 kcal/mol for !4. This penalty is higher for the !1 isoform than the !4 isoform in 

the both before and after relaxation. The changes of Coulombic and lipophilic terms from 

the relaxations of the complexes of the rat ! isoforms with SS-I-54 imply that SS-I-54 

binding to the rat !4 would be more favored than its binding to the rat !1. The change of 

the van der Waals interaction from the relaxation of the complexes of the SS-I-54 with 

Na,K-ATPase isoforms indicated that SS-I-54 binding to the !4 isoform would be more 

favored than its binding to the !1 isoform (Table 2.8). As shown in Table 2.8, SS-I-54 

binding is significantly stabilized by the enhancement of the Coulombic, lipophilic, and 

vdW interactions from the relaxation in the case of the !4 isoform compared to the !1 

isoform. 

 

From the relaxation of the rat !1 isoform, the relative binding free energy was 

decreased from -84.3 to -95.0 kcal/mol, and the SS-I-54-rat !1 isoform complex was 

stabilized by -10.7 kcal/mol. However, for the rat !4 isoform, the relative binding free 

energy was dramatically decreased, from -74.3 to -107.5 kcal/mol, and the SS-I-54-rat !4 

isoform complex was stabilized by -33.2 kcal/mol more than that of the !1 isoform. The 
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Coulombic interaction, the lipophilic interaction, and van der Waals interaction terms are 

the major parts of the stabilizing effect of the complex while the Covalent, Packing and 

Sol_GB terms are the terms for the destabilizing effects of SS-I-54 binding to the !1 

isoform. However, SS-I-54 binding to the !4 isoform is stabilized mainly by the 

Coulombic, the lipophilic, and van der Waals interactions. Sol_GB is a term for the 

destabilizing effect. 

 

Cetirizine was docked into the ouabain binding pocket of the rat Na,K-ATPase !1 

and !4. Then, the binding free energies were computed using the MM-GMSA method. 

The docking pose of cetirizine was merged with the protein and the complex was relaxed. 

Then, the binding free energy of cetirizine in the relaxed structure was computed. 

 

Lipo, Sol_GB, and vdW interaction terms are the major contributors for binding 

of cetirizine to both isoforms (Table 2.9). The relaxation of the complex of cetirizine and 

the enzyme enhanced Lipo term by -2.6 kcal/mol for the rat !1 isoform and -6.3 kcal/mol 

for the rat !4 isoform. The Solv_GB value for the rat !1 isoform was slightly increased 

by the relaxation of the complexes of the isoform with cetirizine while it was lowered by 

-21.7 kcal/mol for the rat !4 isoforms, respectively. vdW interaction was enhanced via 

the relaxation of the complex of the rat !1 isoform with cetirizine while it was not in the 

case of the complex of the rat !4 isoform with cetirizine: -14.7 kcal/mol for the rat !1 

isoform and 2.3 kcal/mol for the rat !4 isoform. The Coulombic term was the major 

penalty in cetirizine binding to both isoforms. The Coulombic term was enhanced via the 

relaxation of the complex of !1 with cetirizine by -3.1 kcal/mol while that of !4 with 
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cetirizine was destabilized by 24.5 kcal/mol. Covalent was enhanced by -4.3 kcal/mol for 

the rat !4 isoform while it was not for the rat !1 isoform.  
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Table 2. 5. Changes of the relative binding free energies for ouabain binding to Na,K-ATPase 

ouabain 

rat Na,K-ATPase !1 rat Na,K-ATPase !4 

ouabain's dG 
ddG 

ouabain's dG 
ddG 

model relaxed model model relaxed model 

MMGBSA_dG_Bind -92.8 -89.7 3.1 -96.3 -105.3 -9.0 

MMGBSA_dG_Bind(NS) -113.0 -118.4 -5.4 -108.6 -118.2 -9.6 

MMGBSA_dG_Bind_Coulomb -35.4 -12.7 22.7 -22.6 -24.6 -2.0 

MMGBSA_dG_Bind_Covalent 12.7 8.3 -4.4 8.0 10.4 2.4 

MMGBSA_dG_Bind_Hbond -8.0 -0.3 7.7 -2.8 -3.0 -0.2 

MMGBSA_dG_Bind_Lipo -59.3 -59.7 -0.4 -57.3 -57.8 -0.5 

MMGBSA_dG_Bind_Packing 0.4 -0.6 -1.0 0.1 0.3 0.2 

MMGBSA_dG_Bind_SelfCont -1.4 -1.4 0.0 0.2 0.3 0.1 

MMGBSA_dG_Bind_Solv_GB 41.5 19.4 -22.1 24.8 24.2 -0.6 

MMGBSA_dG_Bind_vdW -43.3 -42.6 0.7 -46.7 -54.9 -8.2 
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Table 2. 6. Changes of the relative binding free energies for SS-I-24 binding to Na,K-ATPase 

SS-I-24 

rat Na,K-ATPase !1 rat Na,K-ATPase !4 

SS-I-24's dG 
ddG 

SS-I-24's dG 
ddG 

model relaxed model model relaxed model 

MMGBSA_dG_Bind -79.7 -110.3 -30.6 -102.7 -120.4 -17.7 

MMGBSA_dG_Bind(NS) -104.5 -126.1 -21.6 -126.3 -136.7 -10.4 

MMGBSA_dG_Bind_Coulomb -15.9 -17.8 -1.9 0.2 -14.6 -14.8 

MMGBSA_dG_Bind_Covalent 21.7 9.0 -12.7 6.9 7.8 0.9 

MMGBSA_dG_Bind_Hbond -1.3 -1.5 -0.2 0.8 -2.1 -2.9 

MMGBSA_dG_Bind_Lipo -56.3 -57.7 -1.4 -67.4 -67.4 0.0 

MMGBSA_dG_Bind_Packing 0.1 -0.1 -0.2 -0.4 0.0 0.4 

MMGBSA_dG_Bind_SelfCont -0.6 -0.2 0.4 0.5 0.0 -0.5 

MMGBSA_dG_Bind_Solv_GB 22.4 25.6 3.2 18.3 21.9 3.6 

MMGBSA_dG_Bind_vdW -49.8 -67.6 -17.8 -61.6 -66.1 -4.5 

 

 

 

 

 



! "#!

Table 2. 7. Changes of the relative binding free energies for SS-I-42 binding to Na,K-ATPase 

SS-I-42 

rat Na,K-ATPase !1 rat Na,K-ATPase !4 

SS-I-42's dG 
ddG 

SS-I-42's dG 
ddG 

model relaxed model model relaxed model 

MMGBSA_dG_Bind -66.7 -89.5 -22.8 -77.9 -107.0 -29.1 

MMGBSA_dG_Bind(NS) -81.5 -100.5 -19.0 -97.3 -114.6 -17.3 

MMGBSA_dG_Bind_Coulomb -5.3 -30.2 -24.9 -16.2 -11.4 4.8 

MMGBSA_dG_Bind_Covalent 6.4 7.9 1.5 11.3 3.6 -7.7 

MMGBSA_dG_Bind_Hbond -1.3 -2.3 -1.0 -0.8 0.0 0.8 

MMGBSA_dG_Bind_Lipo -43.4 -42.0 1.4 -53.1 -65.6 -12.5 

MMGBSA_dG_Bind_Packing 0.2 -0.2 -0.4 0.4 -0.1 -0.5 

MMGBSA_dG_Bind_SelfCont -0.9 -0.1 0.8 0.7 0.9 0.2 

MMGBSA_dG_Bind_Solv_GB 29.5 29.8 0.3 22.7 21.6 -1.1 

MMGBSA_dG_Bind_vdW -52.0 -52.3 -0.3 -42.9 -55.9 -13.0 
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Table 2. 8. Changes of the relative binding free energies for SS-I-54 binding to Na,K-ATPase 

SS-I-54 

rat Na,K-ATPase !1 rat Na,K-ATPase !4 

SS-I-54's dG 
ddG 

SS-I-54's dG 
ddG 

model relaxed model model relaxed model 

MMGBSA_dG_Bind -84.3 -95.0 -10.7 -74.3 -107.5 -33.2 

MMGBSA_dG_Bind(NS) -98.0 -113.9 -15.9 -84.0 -116.7 -32.7 

MMGBSA_dG_Bind_Coulomb -32.0 -38.7 -6.7 -13.0 -37.7 -24.7 

MMGBSA_dG_Bind_Covalent 11.2 14.2 3.0 9.0 9.3 0.3 

MMGBSA_dG_Bind_Hbond -2.4 -2.7 -0.3 -1.0 -1.8 -0.8 

MMGBSA_dG_Bind_Lipo -48.4 -51.6 -3.2 -47.4 -53.5 -6.1 

MMGBSA_dG_Bind_Packing -2.8 -0.3 2.5 -0.2 -0.3 -0.1 

MMGBSA_dG_Bind_SelfCont 0.4 -0.1 -0.5 0.4 1.2 0.8 

MMGBSA_dG_Bind_Solv_GB 35.7 35.1 -0.6 21.8 27.0 5.2 

MMGBSA_dG_Bind_vdW -45.9 -50.9 -5.0 -43.8 -51.7 -7.9 
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Table 2. 9. Changes of the relative binding free energies for cetirizine binding to Na,K-ATPase!

Cetirizine 

rat Na,K-ATPase !1 rat Na,K-ATPase !4 

Cetirizine's dG 
ddG 

Cetirizine's dG 
ddG 

model relaxed model model relaxed model 

MMGBSA_dG_Bind -58.6 -68.0 -9.4 -61.4 -68.6 -7.2 

MMGBSA_dG_Bind(NS) -66.1 -88.0 -21.9 -69.4 -79.6 -10.2 

MMGBSA_dG_Bind_Coulomb 13.6 10.5 -3.1 17.6 42.1 24.5 

MMGBSA_dG_Bind_Covalent -0.1 10.4 10.5 7.7 3.4 -4.3 

MMGBSA_dG_Bind_Hbond 0.0 -1.5 -1.5 -0.8 -1.8 -1.0 

MMGBSA_dG_Bind_Lipo -40.5 -43.1 -2.6 -40.7 -47.0 -6.3 

MMGBSA_dG_Bind_Packing -0.8 -0.8 0.0 -0.5 0.0 0.5 

MMGBSA_dG_Bind_SelfCont 1.1 -0.2 -1.3 0.9 -0.4 -1.3 

MMGBSA_dG_Bind_Solv_GB -1.8 1.4 3.2 -6.0 -27.7 -21.7 

MMGBSA_dG_Bind_vdW -30.1 -44.8 -14.7 -39.6 -37.3 2.3 
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2.3.7. Molecular Dynamics Simulation of the Complexes of Na,K-ATPase with 

Inhibitors 

It was thought that the oubain binding pocket of Na,K-ATPase would have a 

distinct conformation based on the ligands. It would be therefore worthwhile to 

investigate the molecular behavior of the target protein upon the inhibitor binding in 

addition to the molecular docking simulations and the MM-GBSA relative binding free 

energy calculations. It was thought that MD simulations might provide valuable 

information such as potential binding poses of the inhibitors in the enzyme following the 

conformational changes of the binding pocket upon inhibitor binding. Also, with MD 

simulations, it may be possible to study the conformational change of Loop1 upon ligand 

binding and its role in the ligand binding in the ouabain binding pocket, which was 

previously found to be crucial in ouabain binding based on the site-directed mutation of 

the enzyme.70 

 

It was hypothesized that the higher affinity of ouabain and SS-I-54 for the rat !4 

than the rat !1 might be attributed to the formation of the relatively more stable ligand-

the rat !4 complexes than the ligand-the rat !1 complexes due to the more dynamic 

character of Loop1 of the rat !4 than that of the rat !1. In order to investigate the 

conformational changes of the ouabain binding pocket of Na,K-ATPase isoforms with the 

ligands over time, we performed molecular dynamics simulations of the complexes of the 

rat !1 and the rat !4 with ouabain and SS-I-54: the rat !1 with ouabain, the rat !1 with 

SS-I-54, the rat !4 with ouabain, and the rat !4 with SS-I-54.  
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The MD simulations were run for 18 ns with 1.2 fs time steps. The RMSD plots 

show that the complexes reach near the conformational equilibrium during the MD 

simulation at ca. 8 ns (Figure 2.9). The last 50 frames, (1810-1860 for the complex of the 

rat !1 with SS-I-54 (total of 1860 frames) and 1827-1877 for the other three complexes 

(total of 1877 frames), were taken for the calculations of the average structures of the 

complexes in the equilibrium. The average structures of the last 50 frames were used as 

the representative structures that might be in the conformational equilibrium: RMSD 

values of the heavy atoms in this region did not change significantly. These average 

structures were used to compare the interactions between the ligand and the enzyme 

before and after the MD simulation.  
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(a)       (b) 

 
(c)       (d) 

 
Figure 2. 9. RMSD plots of the heavy atoms of the complexes over time: (a) the rat !1 

with ouabain, (b) the rat !1 with SS-I-54, (c) the rat !4 with ouabain, (d) the rat !4 with 

SS-I-54. 

 

From the analyses of the interactions of the Na,K-ATPase isoforms with the 

ligands, we found that in the conformational equilibrium obtained by running MD 

simulations the rat !4 isoform forms the stronger binding interactions with these ligands 

than the rat !1 isoform. In the complex of the rat !1 with ouabain, the C-terminal end of 

the M1 helix and the Loop3 linking M3 and M4 helices were shifted toward ouabain 

while other helices were not shifted significantly (Figure 2.10). In the complex of the rat 

!4 with ouabain, Loop1 linking M1 and M2 and the C-terminal end of the M1 helix and 



! "#!

Loop3 linking M3 and M4 helices were shifted toward ouabain while other helices were 

not shifted significantly (Figure 2.11).  

 

 

!"#$%&'()'*+. Comparison of the structures of the complexes of the rat !1 with ouabain 

before (orange) and after MD simulation (cyan). 

 

 

!"#$%&'()'**. Comparison of the structures of the complexes of the rat !4 with ouabain 

before (orange) and after MD simulation (cyan). 
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!
In the complex of the rat !1 with SS-I-54, Loop3 linking M3 and M4 and Loop9 

linking M9 and M10 moved away from SS-I-54 in the conformation from the MD 

simulation while other helices and loops were not shifted significantly (Figure 2.12). In 

the complex of the rat !4 with SS-I-54, Loop1, Loop7, and M5 moved toward SS-I-54 

while the end of Loop 3, M4 helix, and Loop9 moved away from SS-I-54 (Figure 2.13). 

 

Figure 2. 12. Comparison of the structures of the complexes of the rat !1 with SS-I-54 

before (orange) and after MD simulation (cyan). 
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Figure 2. 13. Comparison of the structures of the complexes of the rat !4 with SS-I-54 

before (orange) and after MD simulation (cyan). 

 

The model of the rat !1 with ouabain before MD simulation shows that there are 

several hydrogen bonding interactions between the enzyme and the ligand as shown in 

Figure 2.14: Thr765 with 14-OH, Arg848 with 2’OH and 6’-O, Asp852 with 2’-OH. As 

shown in Figure 2.14, 3’-OH, 4’-OH, and 19-OH are exposed to the solvent, the lactone 

moiety occupies the hydrophobic pocket.  
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Figure 2. 14. Ligand-protein interaction map for the complex of the rat !1 with ouabain 

before MD simulation. 

 

The model of the rat !1 with ouabain after MD simulation shows that there are 

only two hydrogen bonding interactions between the enzyme and the ligand as shown in 

Figure 2.15: Glu280 with 4’-OH and Leu71 with 19-OH. The hydrogen binding 

interactions of ouabain with Thr765, Arg848, and Asp852, which were observed in the 

model before MD simulation, were destroyed in the average structure of the last 50 

frames of MD simulation. As shown in Figure 2.15, only the 2’-OH is exposed to the 

solvent, and the lactone moiety occupies the hydrophobic pocket.  
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Figure 2. 15. Ligand-protein interaction map for the complex of the rat !1 with ouabain 

after MD simulation. 

 

The model of the rat !4 with ouabain before MD simulation shows that there are 

four hydrogen bonding interactions between the enzyme and the ligand as shown in 

Figure 2.16: Asp319 with 4’-OH, Ile322 with 11-OH, Thr804 with 14-OH, and Arg887 

with 2’-OH. 2’-OH and 3’-OH are exposed to the solvent, and the lactone moiety 

occupies the hydrophobic pocket (Figure 2.16). 
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Figure 2. 16. Ligand-protein interaction map for the complex of the rat !4 with ouabain 

before MD simulation. 

 
 

The model of the rat !4 with ouabain after MD simulation shows that there are 

four hydrogen bonding interactions between the enzyme and the ligand as shown in 

Figure 2.17: Asp319 with 4’-OH, Thr804 with 14-OH, and Tyr315 and Arg887 with 2’-

OH. 3’-OH and 4’-OH are exposed to the solvent, and the lactone moiety occupies the 

hydrophobic pocket (Figure 2.17). His118 and Asn129 are involved in electrostatic 

interactions with ouabain.   

!
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Figure 2. 17. Ligand-protein interaction map for the complex of the rat !4 with ouabain 

after MD simulation. 

 

The model of the rat !1 with SS-I-54 before MD simulation shows that there are 

four hydrogen bonding interactions between the enzyme and the ligand as shown in 

Figure 2.18: Thr765 with the N of the triazole moiety, Glu876 with 3-OH and 5-OH, 

Arg940 with 1-OH. Asp89, Lys873, His880, and Arg940 are involved in the electrostatic 

interaction with SS-I-54. As shown in Figure 2.18, the benzyl moiety occupies the 

hydrophobic pocket.  
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Figure 2. 18. Ligand-protein interaction map for the complex of the rat !1 with SS-I-54 

before MD simulation.  

 
The model of the rat !1 with SS-I-54 after MD simulation shows that there is one 

hydrogen bonding interaction between the enzyme and the ligand as shown in Figure 

2.19: Arg940 with 5-OH. Asp89, Asp90, Thr765, and Arg940 are involved in the 

electrostatic interaction with SS-I-54. As shown in Figure 2.19, the benzyl moiety 

occupies the hydrophobic pocket while 3-OH is exposed to the solvent.  

!
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Figure 2. 19. Ligand-protein interaction map for the complex of the rat !1 with SS-I-54 

after MD simulation. 

 

As shown in Figures 2.20 and 2.21, the interactions between SS-I-54 and the 

binding pocket in the rat !4 have been changed during the MD simulation of the 

complex. The model of the rat !4 with SS-I-54 before MD simulation shows that there 

are two hydrogen bonding interactions between the enzyme and the ligand as shown in 

Figure 2.20: His118 with 1-OH and Asp319 with 3-OH. The benzyltriazole moiety 

occupies the hydrophobic pocket (Figure 2.20). His118 and Asn129 are involved in 

electrostatic interactions with SS-I-54. However, the model of the rat !4 with SS-I-54 

after MD simulation shows that SS-I-54 forms hydrogen bonding interaction with 
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Asn129 instead of Asp319 while maintaining the hydrogen bonding interaction with 

His118 as shown in Figure 2.21. The benzyltriazole moiety occupies the hydrophobic 

pocket (Figure 2.21). Phe790 forms a pi-pi interaction with the phenyl ring of the benzyl 

group. His118 and Asn129 are involved also in electrostatic interactions with SS-I-54.  

 

 

Figure 2. 20. Ligand-protein interaction map for the complex of the rat !4 with SS-I-54 

before MD simulation. 
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Figure 2. 21. Ligand-protein interaction map for the complex of the rat !4 with SS-I-54 

after MD simulation (cyan). 

 

His118 and Asn129 are the amino acid residues at the beginning and at the end of 

Loop1 that might play a crucial role in reinforcing the ligand binding causing the low 

dissociation rate of a ligand out of the pocket. When the corresponding amino acid 

residues at these positions, Gln and Asn, of Na,K-ATPase isoforms were replaced with 

Arg and Asp, the mutant enzyme with Arg and Asp exerted a significant reduction of the 

affinity for ouabain. MD simulations of the complexes of the rat !4 with ouabain and SS-

I-54 provided information about the potential interactions between the pocket and the 

ligand such as hydrogen bonding interactions and electrostatic interactions of His118 and 

Asn129 with ouabain and SS-I-54, pi-pi interaction of Phe790 with the aromatic ring of 
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SS-I-54, and hydrophobic interaction between the hydrophobic surface of the ouabain-

binding pocket and the hydrophobic moiety of the ligands.   

 

The amino acid residues involved in the ligand-protein interactions are listed in 

Table 2.10. It appears that His118 and Asn129 of Loop1 might be crucial in ligand 

binding and might be the origin of the high affinity of these ligands for the rat !4. In 

addition, Va1135, Ile325, Ile794, and Leu808 are amino acid residues within 4 Å from 

the ligands in the complex of the rat !4 with ouabain and SS-I-54 while the 

corresponding amino acid residues of the rat !1 were not within 4 Å. This suggests that 

hydrophobic interactions of the ligands with these amino acid residues might be 

important for the high affinity of these ligands for the rat !4. 

 

Following 18 ns MD simulations of the complexes, the relative binding free 

energies of the ligands, ouabain and SS-I-54, for the rat !1 and the rat !4 isoforms were 

computed (Table 2.11). MM-GBSA_dG_Bind values for the OHM (original homology 

model) of the rat !1 with ouabain and the average structure of the last 50 frames from the 

MD simulation of the rat !1 with ouabain are -92.8 (Table 2.5) and -87.5 kcal/mol (Table 

2.11), respectively. MM-GBSA_dG_Bind values for the OHM of the rat !4 with ouabain 

and the average structure of the last 50 frames from the MD simulation of the rat !4 with 

ouabain are -96.3 (Table 2.5) and -337.6 kcal/mol (Table 2.11), respectively.  MM-

GBSA_dG_Bind values for the OHM of the rat !1 with SS-I-54 and the average structure 

of the last 50 frames from the MD simulation of the rat !1 with SS-I-54 are -84.3 (Table 

2.8) and -73.0 kcal/mol (Table 2.11), respectively. MM-GBSA_dG_Bind values for the 
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OHM of the rat !4 with SS-I-54 and the average structure of the last 50 frames from the 

MD simulation of the rat !4 with SS-I-54 are -74.3 (Table 2.8) and -94.0 kcal/mol (Table 

2.11), respectively. The structures from the MD simulations also provided us with the 

lower binding free energies of ouabain and SS-I-54 for the rat !4 than for the rat !1, 

which were consistent with the experimental values.  
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Table 2. 10. Summary of amino acid residues within 4 Å from the ligands before and after MD simulations 
the rat !1 with ouabain the rat !4 with ouabain the rat !1 with SS-I-54 the rat !4 with SS-I-54 

AA within 4A from ouabain AA within 4A from ouabain AA within 4A from SS-I-54 AA within 4A from SS-I-54 
docking model post MD docking model post MD docking model post MD docking model post MD 

- Gly68 - - - - - Gly107 
- Leu71 - Leu110 - - - Leu110 
- Cys72 - - - Cys72 - Cys111 
- Ala75 - - - - Ala114 Ala114 
- Arg79 His118 His118 - - His118 His118 
- - - Asp128 Asp89 Asp89 - - 
- - Asn129 Asn129 - Asp90 Asn129 Asn129 
- - - - - Tyr92 -   

Leu93 Leu93 Leu132 Leu132 Leu93 Leu93 - Leu132 
- - - Val135 - - - - 
- Leu97 - Leu136 - - - Leu136 

Tyr276 Tyr276 Tyr315 Tyr315 - - - - 
- - - - - - Leu318 - 

Glu280 Glu280 Asp319 Asp319 - - Asp319 - 
Ile283 Ile283 Ile322 Ile322 - - Ile322 Ile322 
Phe284 Phe284 Phe323 Phe323 - - Phe323 Phe323 

- - Ile325 - - - Ile325 Ile325 
Gly287 Gly287 Gly326 Gly326 Gly287 Gly287 Gly326 Gly326 
Ile288 Ile288 - - - - - Ile327 
Val290 Val290 Val329 Val329 Val290 Val290 Val329 Val329 
Ala291 Ala291 Ala330 Ala330 Ala291 Ala291 Ala330 Ala330 

- Glu295 Glu334 Glu334 - - Glu334 Glu334 
- - - - - Pro746 - - 
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Table 2. 10. Continued 

the rat !1 with ouabain the rat !4 with ouabain the rat !1 with SS-I-54 the rat !4 with SS-I-54 
AA within 4A from ouabain AA within 4A from ouabain AA within 4A from SS-I-54 AA within 4A from SS-I-54 
docking model post MD docking model post MD docking model post MD docking model post MD 

- - - - Glu747 Glu747 - - 
Ile748 - - Ile787 - - - - 

- - - - Pro750 Pro750 - - 
Phe751 Phe751 Phe790 Phe790 Phe751 Phe751 Phe790 Phe790 
Phe754 Phe754 Phe793 Phe793 - Phe754 Phe793 Phe793 

- - - Ile794 - - - - 
Leu761 Leu761 Leu800 Leu800 Leu761 Leu761 Leu800 - 

- - - - - Pro762 - - 
Leu763 - Leu802 - Leu763 Leu763 Leu802 - 
Gly764 Gly764 Gly803 Gly803 Gly764 Gly764 Gly803 - 
Thr765 Thr765 Thr804 Thr804 Thr765 Thr765 Thr804 Thr804 

- - - - Val766 Val766 - - 
Ile768 Ile768 Ile807 Ile807 Ile768 Ile768 Ile807 Ile807 

- - - Leu808 - - - Leu808 
Arg848 Arg848 Arg887 Arg887 - - Arg887 - 
Glu849 - - - - - - - 
Asp852 - - - - - - - 

- - - - Tyr869 - - - 
- - - - Lys873 Lys873 - - 
- - - - Glu876 - - - 
- - - - Phe877 - - - 
- - - - His880 - - - 
- - - - Arg940 Arg940 - - 
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Table 2. 11. Relative binding free energies of the average structures of the last 50 frames of the MD simulations 
Title the rat !1 with ouabain the rat !4 with ouabain the rat !1 with SS-I-54 the rat !4 with SS-I-54 

MMGBSA_dG_Bind* -87.482 -337.607 -72.959 -93.882 

MMGBSA_dG_Bind(NS)** -102.285 -152.52 -83.593 -103.11 

MMGBSA_dG_Bind_Coulomb -10.542 -79.712 -18.264 -18.162 

MMGBSA_dG_Bind_Covalent 3.152 -139.536 3.903 4.169 

MMGBSA_dG_Bind_Energy -87.482 -337.607 -72.959 -93.882 

MMGBSA_dG_Bind_Hbond -0.012 -10.509 0.768 -0.69 

MMGBSA_dG_Bind_Lipo -49.672 -135.125 -44.881 -48.229 

MMGBSA_dG_Bind_Packing 1.418 -1.31 -2.837 -0.701 

MMGBSA_dG_Bind_SelfCont 0.022 2.1 -0.159 0.328 

MMGBSA_dG_Bind_Solv_GB 27.046 82.314 38.97 18.542 

MMGBSA_dG_Bind_vdW -58.893 -55.829 -50.459 -49.139 

*MMGBSA_dG_Bind = MMGBSA_dG_Bind(NS) + Ligand_strain_Energy + Receptor_strain_Energy 

**MMGBSA_dG_Bind(NS) = MMGBSA_dG_Bind – Ligand_strain_Energy – Receptor_strain_Energy 
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2.4. Summary 

Homology models of the rat isoforms were constructed in order to find the 

structural origin of the selectivity of these compounds toward the rat !4 over the rat !1 

isoform. A series of simulations were performed for the rat isoforms with these 

compounds: Docking simulations before and after energy minimization, and MM-GBSA 

calculations. The rat !4 isoform stabilizes the compound-enzyme complex more 

dynamically than the rat !1. The simulation results are consistent with the results from 

the Na,K-ATPase inhibition assay except in the case of cetirizine. Differences of the 

binding free energies of these compounds for binding to the rat !4 agreed with their 

potency obtained from the in vitro Na,K-ATPase inhibition assay. For the selectivity 

issue of the compounds, the dynamic property of the Loop1 is important for stabilizing 

the complex of the ligand-Na,K-ATPase. Therefore, the more dynamic Loop1 of the rat 

!4 can stabilize the complex better than that of the rat !1.  As a result ouabain and its 

analogues show higher affinity for the rat !4 than the rat !1 isoform. This study also 

demonstrated that using a combination of docking, energy minimization, and MM-GBSA 

calculations could be useful in predicting the relative binding free energy of compounds 

for their biological targets in the drug discovery program.  

 

MD simulation provided us with binding poses different from those in the 

docking simulation: Ligands interacted with the binding pocket in a different fashion 

from those in the docking simulation. MD simulations of the complexes of the rat !4 with 

ouabain and SS-I-54 provided information about the potential interactions between the 

pocket and the ligand such as hydrogen bonding interactions and electrostatic interactions 
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of His118 and Asn129 with ouabain and SS-I-54, pi-pi interaction of Phe790 with the 

aromatic ring of SS-I-54, and hydrophobic interaction between the hydrophobic surface 

of the ouabain-binding pocket and the hydrophobic moiety of the ligands.  Based on the 

average structures of the last 50 frames from the MD simulations, His118 and Asn129 of 

Loop1 might be crucial in binding ligand and might be the origin of the high affinity of 

these ligands for the rat !4. 

 

MM-GBSA binding free energy calculation following MD simulations provided 

relative binding free energies of ouabain and SS-I-54 that might explain the higher 

affinity of these ligands for the rat !4 over the rat !1.   
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Chapter 3 

Synthesis and Biological Evaluation of Toxoflavin Analogues: Mechanism of Action 

3.1. Introduction 

3.1.1. 90 kDa Heat Shock Protein Background 

 Georg, Tash and colallaborators have shown that gamendazole, an indazoleacrylic 

acid derivative and H2-gamendazole, an indazolepropionic acid derivative (Figure 3.5) 

are effective and reversible agents for non-hormonal male contraception.132,133 When a 

forward  genetics approach was used to identify molecular targets of these compounds, 

the 90 kDa heat shock protein was identified as a candidate. HSP90 is highly expressed in 

male germ cells and inhibition of HSP90 impairs testicular development and 

spermatogenesis.134,135 Therefore an effort was undertaken to identify other chemical 

matter for HSP90 inhibition that could be developed for non-hormonal male 

contraception and possibly other indications for which HSP90 is a drug target, such as 

cancer.   

Ritossa first reported that a puffing pattern was induced by heat shock and 2,4-

dinitrophenol in the Drosophila chromosomes in 1962.136 Up-regulation of heat shock 

proteins (HSPs) induced by heat shock was reported in 1974.137 The earlier work in this 

field was to characterize the protein sequences and identify the regulators of the heat 

shock induction. Later research involved the study of their roles in biological systems.138 

Pelham proposed that heat shock proteins might play a role in protein folding139 and Ellis 
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used the term “molecular chaperone” to explain the functional role of the heat shock 

proteins in polypeptide folding.140 

 

3.1.1.1.  The 90 kDa Heat Shock Protein and Its Structural Characteristics 

The 90 kDa heat shock protein (HSP90) is a molecular chaperone responsible for 

the maturation of newly synthesized linear peptides into their biologically active forms. It 

is also responsible for refolding misfolded proteins as well as ubiquitination followed by 

proteosomal degradation of proteins that cannot be folded into biologically active forms 

(Figure 3.1).141-147 There are four isoforms of HSP90 such as HSP90!, HSP90", GRP94, 

and TRAP1.148 The HSP90 molecular chaperone consists of four domains including N-

terminal nucleotide binding domain, linker domain that connects the N-terminus with 

middle domain, middle domain, and C-terminal dimerization domain.149-151 

 

Protein folding is based on the hydrolysis of adenosine triphosphate (ATP) to 

adenosine diphosphate (ADP). HSP90 exists as a homodimer and forms a 

multicomponent complex with multiple proteins, cochaperones, to exert its chaperoning 

function. There are various cochaperones including the 70 kDa heat shock protein 

(HSP70), HSP90 organizing protein (HOP) such as tetratricopeptide repeat 2a 

(TPR2a),152 cdc37,153 40kDa heat shock protein (HSP40), immunophilin (IP), heat shock 

factor 1 (HSF1), and others. Pin1 and p23 also interact with HSP90.154,155  

 

!
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3.1.1.2. Protein Folding Mechanism of HSP90 

The protein folding mechanism of the HSP90 molecular chaperone is shown in 

Figure 3.1. When newly synthesized polypeptides bind to HSP70, the complex is 

stabilized by binding to HSP70 interacting protein (HIP).  This complex then binds to the 

HSP90 organizing protein (HOP).156-158 Tetratricopeptide repeat 2a (TPR2a) of HOP 

binds to the C-terminus of the HSP90 homodimer by recognizing the pentapeptide 

moiety, MEEVD, of the C-terminus of HSP90.159 Binding of HOP to the C-terminus 

dimerization domain of HSP90 reduces the ATPase activity but enables the transfer of a 

client protein from the HSP70 system to the V-shaped HSP90 system, the open 

conformation of the complex.152,156,157,160-162 HIP, HSP70, and HOP are dissociated from 

the HSP90 multicomponent complex and immunophilins and cochaperones are 

incorporated into the HSP90 complex. Upon binding of ATP to HSP90, a conformational 

change of HSP90 takes place to form a closed conformation of the HSP90 homodimer of 

the complex.163,164 Binding of p23 to the ATP-dependent conformer of the complex at the 

middle domain of HSP90 stabilizes this HSP90 multicomponent complex.154,165-168 Upon 

the hydrolysis of ATP to ADP, a client protein is folded to a biologically active 

conformation and released along with immunophilins, and cochaperones.  
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Figure 3. 1. Protein folding mechanism of the HSP90 molecular chaperone. 

 

3.1.1.3. Response to Heat Shock, Oxidative Stress, or Chemical Stress 

HSF1 is inactive when it forms a complex with HSP90. When a heat shock, 

oxidative or chemical stress is induced, HSF1 is dissociated from the complex, trimerized 

and phosphorylated.169 The phosphorylated HSF1 homotrimer is translocated into the 

nucleus and binds to the heat shock element (HSE) regions for transcriptions of heat 

shock protein genes, which are translated into heat shock proteins (Figure 3.2).170-172 

Therefore, HSP90 inhibitors that cause the dissociation of HSF1 from the HSP90 

molecular chaperone induce upregulation of HSPs while the client proteins are 

ubiquitinylated and undergo proteosomal degradation. 
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Figure 3. 2. Schematic view of a response to heat shock, oxidative stress, or chemical 

stress. 

 

3.1.2.4. HSP90 Inhibitors 

HSP90 inhibitors can be fall into two categories based on where they bind: N-

terminal inhibitors or C-terminal inhibitors. Well-known N-terminal inhibitors are 

ansamycin analogues such as geldanamycin (GDA), 17-N-allylamino-17-

demethoxygeldanamycin (17-AAG), and 17-N-dimethylaminoethylamino-17-

demethoxygeldanamycin (17-DMAG), purine-based analogues such as PU3, PU24FCl, 
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PUH58, and BIIB021, and resorcinol-based macrolides such as radicicol, 

cycloproparadicicol, KF25706, and KF55823 (Figure 3.3). C-terminal inhibitors are 

novobiocin and its analogues,173 cisplatin,174 epigallocatechin-3-gallate (Figure 3.3).175 

 

Sullivan and colleagues proposed that GDA might bind to the N-terminus of 

HSP90 and lock the ADP-dependent state of the complex.165 GDA exhibited in vivo 

toxicity such as renal and hepatic toxicities.176 17-N-allylamino-17-

demethoxygeldanamycin (17-AAG) is an analogue of GDA, which was found to be less 

toxic than GDA,176,177 that entered a phase I clinical trial in 1998178 and subsequent phase 

I, II, and III clinical trials are currently underway.179 17-N-dimethylaminoethylamino-17-

demethoxygeldanamycin (17-DMAG), a soluble analogue of 17-AAG,180 is also a N-

terminal inhibitors of HSP90 and Phase I clinical trials for various types of cancer have 

been completed.181 These HSP90 N-terminal inhibitors exert differential selectivity 

toward tumor cells over normal cells.182,183  

 

Chiosis and collegues identified PU3 as an HSP90 inhibitor that inhibited HSP90 

in a similar fashion to GDA.184 A series of analogues of PU3 including PU24FCl,185,186 

PUH58,187 and BIIB021188 were further developed as HSP90 inhibitors. BIIB021 was 

evaluated in phase I and II clinical trials.189 The results from a phase II clinical trial of 

orally available BIIB021 in patients with gastrointestinal stromal tumors (GIST) 

encouraged additional studies of the compound against GIST such as investigating 

different doses and schedules.190,191    
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Other types of HSP90 inhibitors include respectively pyrazole and isoxazole 

analogues, VER49009,192 VER50589,193 and VER52296/NVP-AUY922,194 shown in 

Figure 3.3. VER52296/NVP-AUY922 is currently under investigation in phase II clinical 

trials in patients with relapsed or refractory multiple myeloma, hematologic neoplasms, 

breast cancer, non-small cell lung cancer, gastrointestinal stromal tumor, advanced solid 

tumor, or advanced gastric cancer.195-197 

 

Novobiocin is a natural product with a coumarin scaffold (Figure 3.3) and was 

reported as a C-terminal inhibitor targeting the nucleotide binding site of the C-terminus 

of HSP90 and inhibiting the binding of p23 and constitutively expressed 70 kDa heat 

shock protein (HSC70) to the HSP90 chaperone.198-202 Novobiocin analogues such as 

KU-32,203 A4,204 and A4 dimer205,206 were also reported as C-terminal inhibitors (Figure 

3.3). KU-32 exhibited protective activity in SH-SY5Y neuronal cells against A! induced 

toxicity.203 KU-32 exerted protective activity in embryonic dorsal root ganglia neurons 

against toxicity induced by glucose.207,208 KU-32 improves in vitro insulin secretion and 

viability,207 and thereby, reverses nerve conduction velocity and sensory deficits 

associated with diabetic peripheral neuropathy.208 A4 upregulates HSP90 at more than 

1000-fold lower concentration than its level of toxicity and also induces overexpression 

of HSP70, yet does not exert cytotoxicity to neuronal cells at 10 µM.206,209 Such a large 

therapeutic index of A4 is beneficial in the development of neuroprotective drugs. 

However, A4 dimer exerted antiproliferative activity against breast cancer cells, such as 

MCF-7 and SKBr3, at low µM IC50.205 
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Cisplatin is a platinum containing commercial anti-cancer drug (Figure 3.3). It has 

been known to exhibit anti-cancer activity via binding to DNA that causes DNA 

crosslinking followed by apoptosis of cancer cells.210-214 It was also reported that cisplatin 

inhibited the activation of the androgen receptor by binding to the C-terminus of 

HSP90,174 and consequently inhibiting the function of HSP90.215,216   

 

Epigallocatechin-3-gallate (EGCG) is a polyphenolic antioxidant from green tea, 

which exhibits anti-cancer activity against various cancers,217-223 and a beneficial effect 

for neurogenesis.224 Palermo and coworkers reported that EGCG bound to the C-terminus 

of HSP90 proposing it as a mode of the chemopreventive action of EGCG.225  
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Figure 3. 3. HSP90 inhibitors. 



! ""#!

A4 KU32

A4 dimer

novobiocin

OH

OO

OH H
N

O

OH3CO
HO OH

O O

H
N

OO

OH3CO
HO OH

O O

H
N

OO

O OCH3
OHOH

OO

N
H

O O

OH3CO
HO OH

O O

H
N

OO
OH3CO

O OH

O

NH2O

O

O

HO

O

OH
OH

OH

OH

OH
OH

OH
Pt Cl

Cl
H3N
H3N

cisplatin

epigallocatechin gallate

 

Figure 3.3 continued. HSP90 inhibitors. 

3.1.2. HSP90 as a Target for Drug Development 

3.1.2.1. Cancer 

HSP90 has been intensively studied for drug development and cancer 

chemotherapy, since it also plays a critical role in maintaining the stability of proteins 

involved in a signaling pathway crucial for cancer cell survival and growth.226,227 HSP90 

is a molecular chaperone responsible for maturing oncogenic proteins associated with the 

hallmarks of cancer including: self-sufficiency in growth signals, insensitivity to 

antigrowth signal, evasion of apoptosis, acquisition of limitless replicative potential, 



! ""#!

sustained angiogenesis, and invasion and metastasis.228 The representative proteins 

associated with the hallmarks of cancer are listed in Table 3.1.229 In addition, HSP90 

plays a key role in maturing various proteins involved in oncogenesis such as protein 

kinases, transcription factors, and proteins associated with signal transduction cascade 

(Table 3.2). Inhibition of HSP90 results in a failure of the maturation of these HSP90 

client proteins.  

 

Table 3. 1. HSP90 client proteins associated with the hallmarks of cancer 

Hallmarks of cancer HSP90 client proteins 

Self-sufficiency in growth 

signals ErbB2,228,230-235 EGFRs,236,237 KIT, MET 

Insensitivity to antigrowth 

signal 

CDK2,238 CDK4,239-242 CDK6, CDK7,238 

Cyclin D239 

Evasion of apoptosis IFG-1R,243,244 VEGF,245 PI3K/AKT239,246-249 

Limitless replicative potential telomerase250-254 

Sustained angiogenesis HIF-1!,255 MET, Src, VEGF,255,256 VEGFR256 

Tissue invasion and metastasis MMP2,257 urokinase 
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Table 3. 2. HSP90 client proteins involved in oncogenesis 

HSP90 client protein 

category 
HSP90 client proteins 

Kinases ErbB2 (Her2), AKT, Bcr-Abl, FAK, Ddk4, Cdk6, 

Cdk9, RIP, MAK, MRK, MOK, c-MET, MEK, 

Raf-1, Ste1, VEGFR2, pp60v-Src, s-Src, Fps, Fes, 

Fgr, Lck, PDK1, pim-1, trkB, Wee1, Swe1, EGFR 

Transcription Factors Androgen receptor, Estrogen receptor, 

Progesterone receptor, Glucocorticoid receptor, 

Mineralocorticoid receptor, heat shock factor-1, 

mutant p53, Stat3 

Miscellaneous proteins Proteosome, Telomerase, Survivin, Apaf-1, 

Mdm2, SV40 large T-antigen, Ral-binding protein 

1, Nitric oxide synthase 

 

3.1.2.2. Neurodegenerative Diseases 

The HSP90 molecular chaperone is also responsible for regulating misfolded 

protein aggregates involved in neurodegenerative diseases and a target for drug discovery 

for Alzheimer’s258,259 209,260 and Parkinson’s disease.261-264 Misfolded protein aggregates 

such as the !-amyloid protein aggregate, the "-fibrillary tangle and cellular protein 

aggregates such as mutated #-synuclein associated with Parkinson’s disease cause 

neuronal toxic effects.264-266 Therefore, in order to reduce or eliminate the toxic effect of 

the protein aggregate, transformations of the protein aggregates into their soluble forms 

are essential. Hershko and Ciechanover found that molecular chaperones such as HSP70 

bind to the aggregates to enhance their solubility or their proteosomal degradation.267 Up-



! "#$!

regulation of HSP70 by activating HSF1 with an HSP90 inhibitor such as GDA, 17-

AAG, or 17-DMAG reduces protein aggregation.268-271 Dou and colleagues reported that 

up-regulation of HSP70 and HSP90 induced soluble ! protein, the binding of ! protein to 

microtubules, and down-regulation of phosphorylated ! protein.272-274 HSP90 inhibitors 

such as PU24FCl (Figure 2.4) and GDA down-regulate the phosphorylation of ! protein 

via disruption of the stability and function of GSK3" resulting from the HSP90 

inhibition.273 Lu and coworkers reported that SH-SY5Y neuronal cells were protected 

against A"-induced toxicity by HSP90 inhibitors such as KU-32, A4, and A4 dimer 

(Figure 2.3).203 These results suggest that HSP90 modulators might be lead compounds 

for neuroprotective drug discovery.   

 

3.1.2.3. Diabetes 

HSP90 has been studied as a target for the development of drugs for diabetes. 

Davis and colleagues proposed that the activity of endothelial nitric oxide synthase 

(eNOS) would be crucial for endothelial function and HSP90 would activate the 

phosphorylation of eNOS by recruiting eNOS into the complex of HSP90, 5’-adenosine 

monophosphate-activated protein kinase (AMPK), and eNOS.275 The phosphorylation of 

eNOS consequently results in improvement of vascular endothelial function in diabetes 

via enhancing the recoupling of eNOS, which results in the up-regulation of NO and the 

downregulation of O2
!−/ONOO#.275,276 Barutta and colleagues reported that up-regulation 

of heat shock proteins would protect cells from cell damage induced by diabetes.277 

HSP90 is a molecular chaperone regulating proteins upon heat shock, oxidative or 

chemical stress via activating HSF1. Therefore, HSP90 inhibitors, which can up-regulate 
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HSP70 through this mechanism, may provide beneficial effects for treating a 

complication induced by diabetes. An HSP90 inhibitor KU-32 improved the symptom of 

diabetic peripheral neuropathy in diabetic mice.207,208 Problems related to in vitro insulin 

secretion and viability,207 and nerve conduction velocity and sensory deficits associated 

with diabetic peripheral neuropathy were reversed by KU-32.208 17-AAG demonstrated a 

partial restoration of nephrogenic diabetes insipidus.278 Lee and colleagues reported the 

improvement of glucose regulation in diabetic mice by HSP90 inhibitors via the 

activation of HSF1 followed by up-regulation of HSP70.279 These results suggest that the 

HSP90 molecular chaperoning complex may be targeted for anti-diabetic drug discovery.     

 

3.1.2.4. Inflammatory Disease 

Various kinases and transcription factors associated with inflammation are 

regulated by the HSP90 molecular chaperone. Therefore, the inhibition of the HSP90 

molecular chaperone results in down-regulation of pro-inflammatory cytokines such as 

interleukin-1! (IL-1!), interleukin-6 (IL-6), tumor necrosis factor-" (TNF-"), and 

NO,172,280-282 as well as inhibits the activation of pro-inflammatory kinases and 

transcription factors such as AKT, IKK, STAT, and NF-#B.283-285 17-AAG inhibits 

inflammation in J774 macrophages via inhibition of AKT and NF-#B pathways.284 The 

reduction of inflammatory response in atherosclerosis is also mediated by HSP90 

inhibitors such as 17-AAG and 17-DMAG via down-regulation of STAT and NF-#B.285 

HSP90 inhibitors are under investigation against various inflammatory symptoms such as 

endotoxin-induced uveitis,286 atherosclerosis,285 multiple sclerosis,287 pulmonary 

inflammation,282 and rheumatoid arthritis.283  
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3.1.2.5. Infective Disease 

Infectious pathogens such as viruses utilize the host to propagate. The replication 

process requires the syntheses of various proteins necessary for their survival and 

proliferation. In the viral replication process, HSP90 molecular chaperone plays an 

essential role in folding, assembly, maturation, and trafficking of viral polymerases, non-

structural and structural proteins. HSP90 inhibitors such as GDA, 17-AAG, and 17-

DMAG prevent viral replication.251,288-298 The reverse transcriptase of duck hepatitis B 

virus is post-translationally activated by the HSP90 complex with HSP70, HSP40, HOP, 

and p23.299-301 For the human hepatitis B virus (HBV), inhibition of the HSP90 molecular 

chaperone by GDA causes the reduction of reverse transcription as well as pregenomic 

RNA incorporation into nucleocapsids.302 PB1 and PB2 subunits of the RNA-dependent 

RNA polymerase of influenza virus A require the association with HSP90 to relocalize 

into the nucleus for the synthesis of viral RNA.303 Down-regulation of these subunits, the 

holoenzyme complex of the polymerase, and viral RNAs are induced by HSP90 

inhibitors such as GDA and 17-AAG.304 Other viral polymerases from diverse viral 

family, such as herpesviridae, nodaviridae, rhabdoviridae, are also HSP90-dependent 

proteins.  

 

The HSP90 molecular chaperone also regulates various viral non-structural 

proteins as well as viral structural proteins. The examples of the viral non-structural 

proteins matured by HSP90 molecular chaperone are the large T protein from the DNA 

tumor virus,305-307 non-structural protein 3 (NSP3) from rotavirus,308-312 the protease and 

helicase NS3 and the multifunctional protein NS5A from hepatitis C virus.313-316 The 
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inhibition of HSP90 molecular chaperone with GDA, 17-AAG, 17-DMAG, or radicicol 

induces down-regulation of these proteins. The P1 capsid protein from poliovirus, 

rhinovirus, and coxsackievirus requires HSP90 for its maturation.317 The !1 protein on 

the capsid of the reovirus requires HSP90 for folding of its C-terminus.318 HSP90 is 

essential for vaccina virus to grow in cells.319 Vaccinia virus growth in RK13, HeLa, and 

BSC40 cell lines were inhibited by GDA via the inhibition of the ATPase activity of 

HSP90.319 

 

HSP90 may be a drug target for anti-HIV drug development. O’Keeffe and 

colleagues reported that the HSP90 molecular chaperone was crucial for the formation of 

Cdk9/Cyclin T1, which activated Tat and phosphorylated the RNA polymerase II 

resulting in the activation of HIV-1 transcription.320 Inhibition of the activity of 

HSP90/Cdc37 by GDA resulted in the inhibition of the formation of Cdk9/Cyclin T1 

complex.320  

 

Geller and colleagues proposed that inhibition of HSP90 might be a strategy for 

the development of antiviral drugs without development of drug resistance.317 They 

observed that GDA inhibited the replication of poliovirus, rhinovirus, and coxsackievirus 

in vitro and that of poliovirus in vivo without development of drug resistance.317 It was 

also found that the virus required the HSP90 chaperone of the host cells to mature their 

viral proteins and could not bypass this protein folding process.317 These results suggest 

that targeting HSP90 may be useful for the development of antiviral drugs without the 

problem of drug resistance. 
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3.1.3. HSP90 as a Target for Male Contraception 

HSP90 proteins are highly identical among isoforms from human and mice (Table 

3.3),86 for example, the human HSP90! is approximately 86% identical with the human 

HSP90" isoform as well as the ! and " isoforms of the mouse HSP90. However, the ! 

and " isoforms display cellular specificity of their expressions in the testis implying the 

different roles during spermatogenesis.318,321,322 

 

Lai and co-workers found that HSP85, a member of HSP90, was highly expressed 

especially in the testis and the brains of human and mice.323 Lee reported that HSP84 

mRNA and HSP86 mRNA were expressed in the testis: the expression of HSP84 mRNA 

was in the somatic cells of the testis, but that of HSP86 mRNA was in the germ cells. 318 

It was also reported that mouse HSP90!, also named mouse HSP86, was highly 

expressed in germ cells under differentiation during the testicular development while its 

level was low in somatic cells,321 However, mouse HSP90", also named mouse HSP84, 

was found in the somatic cells of the mouse testis.321,322 These results are consistent with 

Lee’s observation and imply distinct roles of HSP84 and HSP86 in spermatogenesis. 

They found that these proteins interacted with HSP70 in testicular cells.321 Aguilar-

Mahecha and co-workers reported that the genes of HSP90", HSP70, HOP, testis-specific 

heat shock protein (HST), and GRP94 were expressed in pachytene spermatocytes, round 

and elongating spermatids, and those of HSP27, HSP90!, HSC70-interacting protein 

(HIP) in pachytene spermatocytes and round spermatids in rats.324 HSP90 mutation in 

mouse germ cells resulted in pachytene arrest and testicular development was impaired 

by pochoxime A, an HSP90 inhibitor, in mice.134 Inhibition of HSP90" was found to 
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cause programmed cell death in the newt testis implying its critical role in prolactin-

induced spermatogonial apoptosis during spermatogenesis.135 These results imply that the 

expression of HSP90 in the testis might be constitutive, developmental, and crucial for 

the testicular development as well as spermatogenesis. 
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Table 3. 3. Sequence identity of HSP90 homologues 

Protein   
human 

HSP90! 

human 

HSP90" 

mouse 

HSP90! 

mouse 

HSP90" 

Newt 

HSP90" 

yeast 

HSP82 

  
Uniprot 

ID 
P07900 P08238 P07901 P11499 Q6AZV1 P02829 

human HSP90! P07900 -           

human HSP90beta P08238 85.8 -         

mouse HSP90! 

(HSP86) 
P07901 99.0 85.3 -       

mouse HSP90" 

(HSP84) 
P11499 86.2 99.6 87.7 -     

Newt HSP90" Q6AZV1 84.7 92.4 84.2 92.5 -   

yeast HSP82 P02829 59.8 60.9 59.7 61.1 61.2 - 

*The codes next to/below the protein names are the uniprot IDs. 
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3.1.3.1. Gamendazole and H2-Gamendazole as HSP90 Inhibitors 

Previous research results from the Georg and Tash groups showed that 

gamendazole (GMZ), an indazole carboxylic acid analogue, induced 100% infertility in 

male rats at a single oral dose of 6 mg/kg dose and fertility of four of seven rats was 

restored by nine weeks.132 100% fertility was achieved in four of six infertile rats that 

were induced by a single oral dose of 3 mg/kg GMZ.132 Georg, Tash, and coworkers 

identified two potential binding targets of GMZ using biotinylated gamendazole: They 

are HSP90! and eukaryotic elongation factor 1 "1 (eEF1A1).133  

 

Figure 3. 4. Possible mechanism of action of GMZ and H2-GMZ in male contraception 

proposed by Tash, Georg and coworkers.133 

 

GMZ inhibited HSP82 from Saccharomyces cerevisiae, a homologue of 

mammalian HSP90!, and did not compete with HSP90 inhibitors such as GDA, an N-

terminal inhibitor, or KU-1, a C-terminal inhibitor. GMZ down-regulates AKT1 and 

ERBB2 without inducing HSP90.133 Up-regulation of three interleukin 1 genes and 
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Nfkbia was observed in the rat testes at 4 h after oral administration. A potential 

mechanism of action of GMZ in antispermatogenic activity via the disruption of Sertoli 

cell-spermatid junction was proposed based on the result as shown in Figure 3.4 implying 

that Sertoli cells might be a good target for male contraception.133 

 

Based on the results from the GMZ/H2-GMZ study, it was hypothesized that a 

highly selective inhibitor for the HSP90! molecular chaperone would disrupt the Sertoli 

cell-spermatid tight junctions and as a result, spermatogenesis would be impaired with a 

minimal undesired effect, which resulted from non-specific protein inhibition.  

 

3.1.4. Toxoflavin-1 as an Alternative Lead Compound for Male Contraceptive Drug 

Development via the HSP90! Inhibition 

Gamendazole (GMZ) and H2-gamendazole (H2-GMZ) induce 100% reversible 

infertility via impairing spermatogenesis by disrupting the Sertoli cell-spermatid tight 

junction (Figure 3.4). However, it is important to have alternative lead compounds for a 

successful drug discovery program since a lead compound may encounter an unexpected 

failure due to an undesired side effect discovered during preclinical development or in 

clinical trials. Therefore, typically chemically distinct structures are discovered and 

developed in case a problem develops with the first lead series.  

 

Toxoflavin-1 (TF-1) (Figure 3.5) was identified as an HSP90! inhibitor (IC50 of 8 

nM in a protein folding assay) with low cytotoxicity against MCF-7 (IC50 of 10 µM) from 

a University of Kansas (KU) HTS campaign employing a protein-folding assay with 
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luciferase. TF-1’s distinct chemical structure, great potency and low toxicity prompted us 

to select it as a new lead compound for male contraceptive drug discovery.  
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Figure 3. 5. Structures of GMZ, H2-GMZ, and TF-1. 

 

3.1.4.1 Background of Toxoflavins 

Toxoflavin (Figure 3.6) was first isolated from Pseudomonas cocovenenans in 

1934325 and xanthothricin was isolated from the genus Streptomyces;326 in further 

research it was found that they were the same natural product.327 Later, fervenulin328 and 

reumycin329 was isolated from Streptomyces fervens n. sp. and actinomyces (Figure 3.6). 

Toxoflavin displayed toxic effects in mice at this concentration intravenous LD50 of 1.7 

mg/kg and oral LD50 of 8.4 mg/kg.327 Toxoflavin and its analogues have been studied for 

their biological activities such as antibacterial,326,330 antiviral,331,332 antifungal,330 and 

antitumor/anticancer activities.333,334  
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Figure 3. 6. Structures of toxoflavins. 
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The toxoflavin analogues exhibit cytotoxic effects via multiple mechanisms of 

action. Toxoflavin is involved in an electron-transfer reaction producing peroxide that 

might be an origin of the antibiotic activity as well as their poisoning effects.327 

Diphosphopyridine nucleotide (DPNH), also known as the reduced form of nicotinamide 

adenine dinucleotide (NADH), is oxidized to DPN  (known as nicotinamide adenine 

dinucleotide, NAD+), reducing toxoflavin to hydrogenated toxoflavin, which converts O2 

to hydrogen peroxide (Scheme 3.1).  

 

Scheme 3. 1. Interconversion between toxoflavin 

and reduced toxoflavin via reduction and oxidation 
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Protein targets of the toxoflavin analogues for anticancer and antibiotic activities 

were studied: polo-like kinase 1 (PLK1)335 and the HSP90 molecular chaperone as 

anticancer targets,336 and hepatitis C virus (HCV) RNA-dependent RNA polymerase 

(RdRp) as an antibiotic target and human RNA polymerase II.332 Goh and coworkers 
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identified toxoflavin and the fervenulin analogues as inhibitors of PLK1, responsible for 

the signal transduction pathways for cell proliferation. The compounds exerted low 

micromolar antiproliferative activity via G2/M phase arrest of a cell cycle of SW620 

colon cancer cells.335 Yi and Regan reported toxoflavin analogues as inhibitors of the 

HSP90 molecular chaperone.336 The compounds inhibited the growth of human breast 

cancer cell lines such as BT474 and SkBr3, and downregulated Her2, an HSP90 client 

protein and responsible for cell survival, via the inhibition of the HSP90 molecular 

chaperone. This inhibition of the HSP90 molecular chaperone resulted from the 

prevention of HOP from interacting with the HSP90 C-terminus.336 Middleton and 

coworkers reported that the actual structure inhibiting RdRp was the reduced form of 

toxoflavin. Its inhibitory activity on human RNA polymerase II also resulted from the 

formation of the reduced form of toxoflavin, and might be another origin of undesired 

effects.332 

 

Since toxoflavin and its related natural products exhibit high toxicities that limit 

their utility, it is necessary to redesign the natural product to enhance the target selectivity 

with excellent potency toward the desired target in order to reduce or eliminate the 

toxicity. The discovery of TF-1 as an HSP90 inhibitor suggested that the therapeutic 

index could be improved by modifying the lead. The replacement of H on C3 to 4-

chlorophenyl (Figure 3.6) reduced the toxicity thereby enhancing its therapeutic index. 

Further modification could be carried out to enhance the potency with a great selectivity 

and low toxicity.  
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 3.1.5. Hypothesis and Objectives 

Based on the results of the GMZ and H2-GMZ studies on male contraception, we 

hypothesized that a selective HSP90! inhibitor would impair spermatogenesis by 

disrupting the spermatid-Sertoli cell tight junction and be useful for the development of a 

reversible nonhormonal male contraceptive agents with minimal or no undesired effects. 

 

The ultimate goal in this study is to develop reversible nonhormonal male 

contraceptive agents based on this hypothesis. We planned to pursue this goal by 

achieving the following sub-goals: one, the synthesis of TF-1 that inhibits the HSP90! 

molecular chaperone, and two, the in vitro investigation of the molecular biological 

mechanism of the downstream effect of the inhibition of the HSP90! molecular 

chaperone as well as animal study using Long Evans (LE) rats.  

 

We synthesized TF-1 and its analogues to investigate the structure-activity 

relationship (SAR) on the antispermatogenic activity, antipoliferative activity, and 

enzyme inhibitory activities of the toxoflavin analogues. In order to study the electronic 

effect as well as lipophilicity of the compound on the binding in the pocket of the target 

protein we used the Topliss principle for the structural modification of the aromatic ring 

on C3 of the toxoflavin scaffold as shown in Figure 3.7. In addition, we also planned to 

remove the methyl group on N1 to study its role as well as the effect of the conjugation 

pattern of the " system of the compound on the biological activity (Figure 3.7). 
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Figure 3. 7. Design of the toxoflavin analogues. 
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3.2. Results and Discussion 

3.2.1. Synthesis of Toxoflavin Analogues 

In order to test the hypothesis that a selective inhibitor of HSP90! molecular 

chaperone inhibitor would impair spermatogenesis, TF-1 and its analogues were 

synthesized (Figure 3.8). Based on the Topliss principle these analogues were designed to 

study the electronics and the lipophilicity of the compounds on biological activity (Figure 

3.8).337 

 

The synthesis of the toxoflavin analogues was started from thiobarbituric acid (1) 

(Scheme 3.2). Intermediate 5 was synthesized in four steps from thiobarbituric acid (1) as 

shown in Scheme 3.2. Reactions of 5 with various benzaldehydes in EtOH yielded 

compounds 6a-h that were cyclized to form N-oxide intermediates in the presence of 

NaNO2 in AcOH (Scheme 3.3). The N-oxide intermediates were reduced in the presence 

of Na2S2O4 in water to yield compounds 7a-h (Scheme 3.3). Compound 8 was 

synthesized by heating the solution of 7a in DMF (Scheme 3.4). The structures of the 

synthesized toxoflavin analogues are shown in Figure 3.8. 
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Scheme 3. 2. Synthesis of intermediate 5 
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Scheme 3. 3. Synthesis of toxoflavin analogues 
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!
Scheme 3. 4. Synthesis of 8 (TF-2) 
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Figure 3. 8. Synthesized toxoflavin analogues. 

 

3.2.2. Animal Study of the Toxoflavin Analogues 

The toxoflavin analogues were tested for antispermatogenic activity employing Long 

Evans (LE) male rats. Changes in the rat’s behavior, fur condition, body weight, weights 

and histology of kidney, liver, spleen, and epididymis were screened. The negative 

control rats were treated with vehicle and the rats being tested were treated with 3 mg/kg 



! "#$!

or 6 mg/kg of 7a (TF-1) via oral gavage following the formulation with sesame oil in 

ethanol or 25 mg/kg of 7b, 7c, 7d, and 8 (TF-2) via i.p. injection following the 

formulation with captisol. Following the treatment of the rats with the compounds, 

screening of the behavior pattern of treated rats was performed. As expected, all negative 

control rats appeared normal. Five rats treated with 3 mg/kg of 7a (TF-1) did not show a 

change in behavior except one rat that showed signs of lethargy, but recovered after 

approximately 2.5 hours post-dosing. The rats treated with 6 mg/kg of 7a (TF-1) became 

lethargic right after treatment, but recovered in approximately 2.5 hours post-dosing 

(Table 3.4). Two of six rats treated with 25 mg/kg of 7d showed signs of convulsions and 

died within 15 min of dosing. They were replaced with 2 other rats (Table 3.4). All other 

rats treated with 7d were slightly lethargic after treatment, but became normal after 3 

hours. All rats treated with 25 mg/kg of 8 (TF-2) were lethargic for approximately 4 

hours of post-dosing (Figure 3.4). 7a (TF-1), 7d, and 8 (TF-2) did not affect rat’s body 

weight, testis weight, epididymis weight, or epididymis histology (Table 3.4). In addition, 

these three compounds did not cause either any alteration of the organs such as liver, 

spleen and kidney, or rat sperm motility (Table 3.4 and Figures 3.9 – 3.14). These results 

indicate that these compounds do not manifest desired inhibitory effects on 

spermatogenesis. 
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Table 3. 4. Effects of 7a, 7d, 8 (TF-2) on LE male rats  

Parameters 7a (TF-1) 7d 8 (TF-2) 

Behavior 
lethargic for 2.5 

h 
lethargic for 3 h lethargic for 4 h 

Body weight X X X 

Epididymis 

weight 
X X X 

Kidney weight X X X 

Spleen weight X X X 

Testis weight X X X 

Testis 

histology 
X X X 

Sperm motility X X X 

Acrosome X X X 

Comments   
convulsions and 

died (2 rats) 

internal bleeding at the site 

of injection 

* X represents no changes. 6 mg/kg of 7a was administered via oral gavage, and 25 

mg/kg of 7d and 8 via i.p. injection. 
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(a) 

 

(b) 

 

(c) 

 

Figure 3. 9. Semen analysis at 5 days after treatment with (a) vehicle, (b) 3 mg/kg, and 

(c) 6 mg/kg of 7a (TF-1). 
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(a) 

 

(b) 

 

(c) 

 

Figure 3. 10. Histology of the seminiferous tubule: (a) control, vehicle only, (b) 3 mg/kg 

of 7a (TF-1), and (c) 6 mg/kg of 7a (TF-1). 
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(a) 

 

(b) 

 

(c) 

 

Figure 3. 11. Histology of the epididymis:  (a) control, vehicle only, (b) 3 mg/kg of 7a 

(TF-1), and (c) 6 mg/kg of 7a (TF-1). 
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(a) 

 

(b) 

 

(c) 

 

Figure 3. 12. Histology of the kidney:  (a) control, vehicle only, (b) 3 mg/kg of 7a (TF-

1), and (c) 6 mg/kg of 7a (TF-1). 
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(a) 

 

(b) 

 

(c) 

 

Figure 3. 13. Histology of the liver:  (a) control, vehicle only, (b) 3 mg/kg of 7a (TF-1), 

and (c) 6 mg/kg of 7a (TF-1). 
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(a) 

 

(b) 

 

(c) 

 

Figure 3. 14. Histology of the spleen:  (a) control, vehicle only, (b) 3 mg/kg of 7a (TF-

1), and (c) 6 mg/kg of 7a (TF-1). 
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During the animal study, 7b and 7c exerted a toxic effect when 25 mg/kg was 

administered to LE rats (Table 3.5, Figure 3.15, and Figure 3.16). One of six rats treated 

with 7b died after 4 hours post-dosing and the five other rats were lethargic for up to 7 

hours post-dose, and recovered later. One of the six rats treated with 7c became 

temporarily lethargic although all other rats were normal (Table 3.5). In addition to the 

rat’s behavior, 7b altered the testis texture, the speen weight, and the hair condition. 

Compound 7c also altered the rat’s testis texture, but no changes in the behavior and the 

spleen weight were observed. Internal bleeding at the site of injection was observed from 

rats treated with 7c. The histology of the seminiferous tubule treated with 7c is shown in 

Figure 3.15. In the picture from the negative control, spermatogonia were arranged 

around the outer end of the seminiferous tubule in a single layer, and the round 

spermatocytes were seen at the inner part of the seminiferous tubule. However, in the 7c-

treated case, vacuoles and multiple layers of pachytenes were seen. It seems that the 

formation of the multiple layers of pachytenes might result from the disruption of 

spermatogenesis in the early stage. Grad and colleagues found that a mutation of HSP90! 

in male mice resulted in the arrest of spermatogenesis at the pachytene stage of the early 

meiosis, and in sterile mice.134 

 

  
Figure 3. 15. Histology of seminiferous tubule of a LE rat treated with 7c. 
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Table 3. 5. Animal study results of 7b and 7c 

  7b 7c 

Behavior lethargic for 5-6 h normal 

Body weight X X 

Testis texture soft soft 

Epididymis 

weight 
X X 

Kidney weight X X 

Spleen weight >2 folds than control X 

Testis histology vacuolated spermatocytes vacuolated spermatocytes 

Comments rough fur 2 rats showed signs of internal bleeding 

* X represents no changes. Testis histology needs to be confirmed. 

 

(a) 

      
(b) 

 
Figure 3. 16. Histology of the seminiferous tubule: (a) Negative control (vehicle only), 

(b) 7b. These images clicked at 40X. 
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3.2.3. In Vitro Biological Evaluation of the Toxoflavin Analogues using Cancer Cells  

The toxic effects of the toxoflavin analogues prompted us to perform in vitro 

antiproliferation assays using various cancer cell lines, a cell-based Her2 ELISA, the cell-

based NF-!B functional assay, and Western blot analysis. The compounds were 

evaluated by performing a cell antiproliferation assay with MCF-7 (Figure 3.17), SKBr3, 

NCI/ADR-RES, and A549/NF-!B-luc cancer cell lines. Most compounds exhibited their 

antiproliferative activity at low to submicromolar concentration except 8 (TF-2) and 7e 

(Table 3.6). Compound 7c exerted antiproliferative activity against all four cancer cell 

lines with submicromolar IC50s. Compounds 7c and 7d retained antiproliferative activity 

against the drug resistant ovarian cancer cell line NCI/ADR-RES, while other analogues 

did not (Table 3.6).  

 

 

Figure 3. 17. Antiproliferative activity of toxoflavin analogues against MCF-7 cells. 
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Table 3. 6. Biological activities of toxoflavin analogues 

N

N

O

NO N

R

ArN

 

 Substituent 

on Ar 
R 

Antiproliferative activity, IC50 (µM) NF-!B pathway 

inhibition, IC50 (µM)  MCF-7 SKBr-3 NCI/ADR-RES A549/NF-kB-luc 

GDA   0.01 0.002 4.2 0.021 0.015 

7a 4-chloro methyl 2.4 1.5 50.8 3.4 1.0 

7b 4-H methyl 1.0 - - 1.2 0.7 

7c 4-methoxy methyl 0.1 0.4 0.4 0.3 0.1 

7d 4-methyl methyl 0.5 1.0 0.6 0.3 0.5 

7e 3,4-dichloro methyl 18.6 - - 5.9 9.1 

7f 3-chloro methyl 1.7 2.0 ~100 2.0 1.2 

7g 4-t-butyl methyl 0.7 0.5 3.4 0.3 0.1 

7h 2-methyl methyl 0.6 0.9 2.1 0.4 0.9 

8 4-chloro H >100.0 - - 24.9 >100.0 
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3.2.4. Structure-Activity Relationships of Toxoflavin Analogues against MCF-7 and 

A549/NF-!B-luc 

Compound 7a (TF-1) is the lead compound for this research. Introduction of an electron-

deficient phenyl group to the C3 position of toxoflavin, 4-chlorophenyl (7a (TF-1)) and 

3-chlorophenyl (7f) groups did not significantly change the antiproliferative activity 

compared to phenyl group (7b). Compound 7a (TF-1) and 7f exhibited slightly lower 

activities than 7b when they were tested against MCF-7 cells (Table 3.7). The 3,4-

dichloro compound 7e was 18-fold less active than 7b (Table 3.7). This suggested that an 

electron deficient phenyl group would not enhance the antiproliferative activity against 

MCF-7 breast cancer cells. When the electron rich phenyl groups are compared to the 

electron deficient phenyl groups, the electron rich phenyl groups enhance the 

antiproliferative activity against MCF-7 cancer cells. In addition, an electron-donating 

group with a positive resonance effect on the phenyl ring (7c) enhances the activity much 

more than the inductively electron-donating alkyl groups on the phenyl ring (7d, 7g, and 

7h) (Table 3.7). The 1-methyl group is very important in the antiproliferative activity of 

toxoflavin analogues. When it was eliminated, the antiproliferative activity decreased by 

more than 50-fold: 7a (TF-1) versus 8 (TF-2) (Table 3.7). 
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Table 3. 7. Structure-activity relationship of toxoflavin analogues against MCF-7 

N

N

O

NO N

R

ArN

 

  
Substituent on Ar R 

MCF-7 

(IC50, µM) 

Activity Change 

(compared to 7a) 

7a 4-chloro methyl 2.4 - - 

7b 4-H methyl 1.0 2X increase 

7c 4-methoxy methyl 0.1 24X increase 

7d 4-methyl methyl 0.5 5X increase 

7e 3,4-dichloro methyl 18.6 8X decrease 

7f 3-chloro methyl 1.7 - no change 

7g 4-t-butyl methyl 0.7 3X increase 

7h 2-methyl methyl 0.6 4X increase 

8 4-chloro H >>100.0 >50X decrease 

  

 

The toxoflavin analogues displayed a similar trend against A549 lung cancer as 

they did against MCF-7 cells (Table 3.8). No significant change in the antiproliferative 

activity against A549 was seen by the introduction of an electron-deficient phenyl group 

to the C3 of toxoflavin, 4-chlorophenyl (7a (TF-1)), 3,4-dichlorophenyl, or 3-

chlorophenyl (7f) groups, when compared to phenyl. Compounds 7a (TF-1), 7e and 7f 

did not exhibit enhanced antiproliferative activities against A549 when compared to 7b. 

This suggested that an electron deficient phenyl group would not enhance the 

antiproliferative activity against A549 lung cancer.  
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Table 3. 8. Structure-activity relationship of toxoflavin analogues against A549/NF-!B-luc and the NF-!B signaling pathway 

N

N

O

NO N

R

ArN

 

 Substituent on Ar R 
A549/NF-!B-luc 

(IC50, µM) 
Activity Change 

NF-!B Signaling 

(IC50, µM) 
Activity Change 

7a 4-chloro methyl 3.4 - - 1.0 - - 

7b 4-H methyl 1.2 3X increase 0.7 - no change 

7c 4-methoxy methyl 0.3 11X increase 0.1 10X increase 

7d 4-methyl methyl 0.3 11X increase 0.5 2X increase 

7e 3,4-dichloro methyl 5.9 2X decrease 9.1 9X decrease 

7f 3-chloro methyl 2.0 - no change 1.2 - no change 

7g 4-t-butyl methyl 0.3 11X increase 0.1 10X increase 

7h 2-methyl methyl 0.4 9X increase 0.9 - no change 

8 4-chloro H 24.9 7X decrease >100.0 >>100X decrease 
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When the electron rich phenyl groups are compared to the electron deficient 

phenyl groups, the electron rich phenyl groups enhance the antiproliferative activity of 

the toxoflavin analogues against A549. The 1-methyl group is very important in the 

antiproliferative activity of toxoflavin analogues. When the 1-methyl group was 

eliminated, the antiproliferative activity against A549 was reduced more than 50-fold 

(Table 3.8). 

 

3.2.5. Cell-based Her2 ELISA 

Her2 is an HSP90 client protein that is responsible for the pathogenesis and 

progression of aggressive types of breast cancer. It was thought that if compounds 

inhibited the HSP90 molecular chaperone, they would downregulate its client protein 

Her2, which could be detected with a cell-based Her2 enzyme-linked immunosorbent 

assay (ELISA), and consequently would inhibit cell proliferation. To investigate whether 

the antiproliferative activity of the toxoflavin analogues resulted from the inhibition of 

the HSP90 molecular chaperone, three compounds, the lead compound 7a (TF-1), the 

most active compound 7c, and the least active compound 8 (TF-2) were examined with a 

cell-based Her2 ELISA. GDA was used as a positive control since it is a  well known 

HSP90 inhibitor. The IC50 values for 7a (TF-1), 7c, and 8 (TF-2) are 5.0, 0.5, and >>100 

µM, respectively (Table 3.9), which are consistent with their antiproliferative activity. 
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Table 3. 9. Inhibitory activity of toxoflavin analogues in the cell-based Her2 ELISA  

N

N

O

NO N

R

ArN

 

 Substituent on Ar R 
Cell-based Her2 ELISA 

IC50 (µM) 

GDA   0.005 

7a (TF-1) 4-chloro methyl 5.0 

7c 4-methoxy methyl 0.5 

8 (TF-2) 4-chloro H >>100 

  

3.2.6. Inhibitory Activity of the Toxoflavin Analogues on the TNF-! Induced NF-"B 

Signaling Pathway 

Nuclear factor kappa B (NF-!B) is a transcription factor that is responsible for the 

transcription of the genes for inflammatory cytokines for the immune response against 

various stimuli including: cytokines, reactive oxygen species, bacterial and viral 

infections, and ultraviolet radiation. NF-!B inhibition has been studied for the 

development of anti-inflammatory drugs and anticancer agents.338,339 NF-!B is 

constitutively activated in cancer and protects cancer cells from TNF-", ionizing 

radiation and apoptosis induced by a chemotherapeutic agent.340 In the TNF-" induced 

NF-!B signaling pathway, the phosphorylated inhibitor of !B kinase (p-IKK) is a kinase 

that activates NF-!B by phosphorylating the inhibitor of !B (I!B) and p65, a subunit of 

the NF-!B heterodimer. The activated NF-!B enters the nucleus and binds to 

deoxyribonucleic acid (DNA) for the transcription of the NF-!B target genes that are 
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translated to the NF-!B target gene products.341  

 

This result from the cell-based Her2 ELISA provided us with information about 

the HSP90 inhibition of the analogues. Therefore, we further investigated the 

downstream effect of the HSP90 inhibition given that it plays a critical role for the 

maturation of AKT and IKK, and for the TNF-"-induced NF-!B activation (Figure 

3.19).227 AKT is a serine/threonine protein kinase that contributes to the phosphorylation 

of IKK that is important in activating NF-!B.227 Our hypothesis for the cell-based NF-!B 

functional assay of the toxoflavin analogues is that the inhibition of the HSP90 molecular 

chaperone by the toxoflavin analogues might result in a failure of the IKK activation and 

consequently suppresses the NF-!B signaling pathway.  

 

For the evaluation of the toxoflavin analogues for the inhibitory activity on the 

TNF-" induced NF-!B signaling pathway, a cell-based luciferase reporter assay was 

employed. In this assay, the luciferase gene that is incorporated to the NF-!B gene as a 

reporter gene is transcribed and translated to the luciferase along with the NF-!B gene 

products when the NF-!B signaling pathway is turned on by TNF-". The luciferase 

converts luciferin to oxyluciferin (Scheme 3.5), and this transformation involves the 

formation of an excited oxyluciferin intermediate that is relaxed to the ground state 

generating luminescence.342,343 Therefore, the luminescence represents the NF-!B 

activity: The more intensive luminescence indicates more luciferase and the higher 

activity of the NF-!B.  
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Scheme 3. 5. The role of luciferase in the luciferase reporter assay 
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The cell-based NF-!B functional assay using A549/NF-!B-luc cells was 

performed using parthenolide as a positive control, since it is a known inhibitor of the 

NF-!B signaling pathway. Most toxoflavin analogues inhibited the TNF-"-induced NF-

!B signaling pathway with submicromolar to low micromolar IC50’s except 8 (TF-2), 

which did not exhibit the inhibitory activities in the cell antiproliferation assay and the 

cell-based Her2 ELISA (Tables 3.6-9). Compound 8 did not exert an inhibitory activity in 

the NF-!B functional assay at up to 100 µM. It suggests again that the 1-methyl group is 

crucial for the inhibitory activity on the NF-!B signaling pathway. The NF-!B inhibitory 

activity of the toxoflavin analogues is consistent with their antiproliferative activity. 

Compounds 7c and 7g were the most potent derivatives among the toxoflavin analogues 

synthesized in this research and their IC50 values were 100 nM. The result suggests that 

the NF-!B signaling pathway is involved in the antiproliferative mechanism of action of 

the toxoflavin analogues against cancer cells. As summarized in Figure 3.18, the 1-

methyl group is necessary for the biological activities of toxoflavin analogues such as the 

antiproliferative activity, Her2 downregulation via HSP90 molecular chaperone 

inhibition, and inhibitory activity of the NF-!B signaling pathway. An electron rich aryl 

group on the  C3 position is beneficial for the enhancement of the compound’s inhibitory 

activity while an electron deficient aryl group appended to C3 was not. 



! "#$!

 

The results from the cell-based Her2 ELISA and the cell-based NF-!B functional 

assay suggest that the inhibition of HSP90 molecular chaperone function and inhibition 

of the NF-!B signaling pathway could be key to the mechanism of action of the 

toxoflavin analogues.  

 

N

N N N

N Ar

O

O

Me

1 2
46

8

Electron rich aryl groups enhance the
inhibitory activity of the compound while
electron deficient aryl groups do not.

Removal of the methyl group
on N1 reduces the inhibitory
activity of the compound.

 

Figure 3. 18. SAR of the toxoflavin analogues on their biological activity. 

 

3.2.7. Western Blot Analysis using Human Lung Cancer A549 

Western blot analysis of proteins involved in the NF-!B signaling pathway as 

well as the HSP90 molecular chaperone in human lung cancer A549 was proposed in 

order to determine a direct molecular target of the toxoflavin analogues. The hypothesis 

for this part of the research is based on the roles of the HSP90 molecular chaperone and 

its client proteins in the NF-!B signaling pathway and the cell proliferation as shown in 

Figure 3.19. The HSP90 molecular chaperone is responsible for the maturation of AKT 

and I!B kinase (IKK) that play important roles in the NF-!B signaling pathway: the 

matured phosphorylated AKT is responsible for the phosphorylation of IKK. The 

phosphorylated IKK (p-IKK) activates NF-!B by phosphorylating and inactivates I!B. 
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The activation of NF-!B induces the up-regulation of its gene products that are important 

for cell proliferation and survival.   

 

It is known that the inhibition of the HSP90 molecular chaperone induces a 

degradation of its client proteins via the ubiquitination-proteosome pathway.344,345 Her2 

and phosphorylated AKT (p-AKT) are HSP90 client proteins and responsible for cancer 

cell survival and growth.345,346 Therefore, we hypothesized that the inhibition of the 

HSP90 molecular chaperone with toxoflavin analogues should deplete Her2 and 

phosphorylated AKT (p-AKT), so that a consequent suppression of IKK activation 

should be induced followed by the inhibition of NF-!B activation (Figure 3.19). Based on 

this hypothesis, a downregulation of the NF-!B target gene product was expected. The 

Western blot analysis demonstrated that Her2 and p-AKT were depleted in a 

concentration dependent manner (Figure 3.20). The inhibition of HSP90 molecular 

chaperone and the downregulation of p-AKT induced the inhibition of IKK activation 

that resulted in a failure of the activation of p65. NF-!B is expressed in the testis, which 

indicates its role in the spermatogenesis.347 Cyclin D1, an NF-!B target gene product, is 

expressed in Leydig cells, proliferating gonocytes and spermatogonia implying its crucial 

role in spermatogenesis via the control of the G1/S phase transition in a cell cycle,348 

Cyclin D1 was depleted as a consequence of the inhibition of the AKT/NF-!B signaling 

pathway (Figure 3.20). 
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Figure 3. 19. AKT/NF-!B signaling pathway. 

 

Inhibition of HSP90 with an N-terminal inhibitor, 17-allylamino-17-

demethoxygeldanamycin (17-AAG), induces the downregulation of AKT and the 

consequent inhibition of the NF-!B activity inducing cell antiproliferation.349 The TPR2a 

moiety of HOP interacts with the MEEVD moiety of the C-terminus of HSP90 molecular 

chaperone: HOP contains the TPR1 moiety, which interacts with HSP70 bound to an 

immature HSP90 client protein.350 Yi and Regan found that toxoflavin analogues bound 

to the TPR2a domain and exhibited their HSP90 inhibitory activity.336 Compound 7b 

exerted antiproliferative activity against WST-1 cell with IC50 of 6.90 " 10-7 M via the 

inhibition of HSP90-TPR2a interaction with Kd value of 5.85 " 10-7 ~ 1.04 " 10-6 M.21 
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Therefore, it was hypothesized that the maturation of AKT can also be inhibited by the 

inhibition of the HSP90-TPR2a interaction with toxoflavin analogues. To test this 

hypothesis, we performed a Western blot analysis to further investigate the mechanism of 

action of the compounds in cell growth inhibition (Figure 3.20).  

 

 

Figure 3. 20. Western blot analysis of HSP90 and its client proteins and related proteins. 

C: negative control, p-p65: phosphorylated p65, p-AKT: phosphorylated AKT. 

 

Known HSP90 inhibitors targeting the HSP90 N-terminus induce the dissociation 

of HSF1 from the HSP90 molecular chaperone. HSF1 is then activated via trimerization 

and phosphorylation to translocate from the cytosol to the nucleus followed by initiating 

the transcription of the genes for heat shock proteins as shown in Figure 3.2. This 

dissociation up-regulates the 70 kDa heat shock protein (HSP70). However, the 

expression levels of HSP70 and HSP90 were not affected in various concentrations of 

compounds. This indicates that toxoflavin analogues do not activate heat shock factor1 
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(HSF1). Therefore, the results suggest that toxoflavin analogues may not target the N-

terminus of the HSP90 molecular chaperone. Regan found that the HSP90 molecular 

chaperone was inhibited without affecting HSP70 level by the inhibition of HSP90 C-

terminus-HOP interaction,351 and that toxoflavin analogues bound to TPR2a, the moiety 

of HOP interacting with HSP90 C-terminus.336 

 

HSP90 client proteins such as p-AKT and Her2 were down-regulated in a dose 

dependent manner as shown in Figure 3.20, indicating that the HSP90 chaperone was 

inhibited by toxoflavin analogues. The down-regulation of p-AKT resulted in a failure of 

the activation of the NF-!B signaling. Consequently, as the phosphorylation of p65, a 

subunit of NF-!B, was depleted the NF-!B activity was inhibited and an NF-!B gene 

product Cyclin D1 was down-regulated as shown Figure 3.20. The results suggest that the 

inhibition of HSP90 molecular chaperone by interfering with the interaction between the 

HSP90 C-terminus and TPR2a of HOP by toxoflavin analogues may result in a failure of 

the maturation of the client proteins that are responsible for the survival and proliferation 

of cancer cells. 

 

Cyclin D1 is expressed in Leydig cells, proliferating gonocytes and 

spermatogonia, which indicates a crucial role of Cyclin D1 in spermatogenesis, especially 

in the proliferation of spermatogoina.348 Our results suggest that the inhibition of the 

HSP90 molecular chaperone may induce a depletion of Cyclin D1 so that 

spermatogenesis may be disrupted. HSP70, HSP90,352 and D types of Cyclins such as D1, 

D2, and D3 are differentially expressed germ cells, Sertoli cells, and Leydig cells in the 
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testis and play critical roles in spermatogenesis.134 The expressions of D-type Cyclins 

depend on the NF-!B activity.353-355 Therefore, it might be suggested that inhibition of 

the NF-!B signaling pathway as a result of the inhibition of the HSP90 molecular 

chaperone might induce the down-regulation of D-type Cyclins and the consequent 

inhibition of spermatogenesis via failing the differentiation and proliferation of germ 

cells and spermatocytes as wells as disrupting the functions of Sertoli cells and Leydig 

cells.  

 

Redox cycling compounds often result in false positives in HTS campaigns by 

producing H2O2 in the presence of either DTT or TCEP in the assay systems: DTT and 

TCEP are strong reducing reagents that prevent some amino acid residues of proteins in 

the assay system from being oxidized.356-359 When one of these strong reducing reagents 

is used, TF analogues produce H2O2 that manifests inhibitory activities against various 

enzymes.360 However, weak reducing reagents such as cystein, "-mercaptoethanol, and 

glutathione do not cause the production of H2O2.356,358 In the assays employed for this 

study, no strong reducing reagents were used. Therefore, interference with the assay by 

the secondary effects caused by H2O2 produced by the compounds was expected to be 

less significant in this study.  

 

!
!
!
!
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3.3. Summary 

Toxoflavin analogues were synthesized originally to investigate the hypothesis 

that they might possess antispermatogenic activity via the inhibition of the HSP90 

molecular chaperone function. The analogues were designed based on the Topliss 

principle to investigate the SAR of the phenyl ring on C3. Compound 8 (TF-2) was 

designed to determine the role of the methyl group and the conjugation pattern of the ! 

system for the biological activity of the compound. In the animal study of these 

compounds with LE rats, they did not exert any desired effect on spermatogenesis in the 

LE rat testis. The semen condition was not affected by the toxoflavin analogues. The 

histology did not show any significant alteration of the testis, the kidney, the spleen, and 

the liver from the rats treated with toxoflavin analogues. However, 7b and 7c exhibited 

toxic effects during the animal study with LE rats such as rough fur, lethargic, vacuole 

formation in the seminiferous tubule, and internal bleeding at the site of injection. From 

the animal study of these compounds, it was concluded that toxoflavin analogues were 

not valuable as lead compounds for the development of safe and effective reversible male 

contraceptive agents. 

 

The toxic effects of 7b and 7c prompted us to investigate the origin of their 

toxicity. As a first step to investigate the toxicity of the toxoflavin analogues, 

antiproliferation assays were performed using MCF-7, SkBr3, NCI/ADR-RES, and 

A549/NF-!B-luc. Toxoflavin analogues displayed antiproliferative activity in a 

concentration-dependent manner: Most compounds exhibited the antiproliferative activity 

at low to submicromolar concentrations except compound 8 (TF-2) and 7e. Compound 
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7c exerted antiproliferative activity against all four cancer cell lines with submicromolar 

IC50s, 7c and 7d were also active against the NCI/ADR-RES, a drug resistant ovarian 

cancer cell line, while other analogues were not.  

 

 We investigated possible mechanisms of the cytotoxicity of the toxoflavin 

analogues using the cell-based Her2 ELISA, the cell-based NF-!B, and Western blot 

analysis of the oncogenic proteins. It was demonstrated that 7a (TF-1) and 7c induced the 

down-regulation of Her2 in SkBr3 while 8 (TF-2) did not, and that toxoflavin analogues 

inhibited the TNF"-induced NF-!B signaling pathway in a concentration-dependent 

manner. Western blot analysis of the oncogenic proteins showed the down-regulation of 

HSP90 client proteins such as Her2, Akt, p-65 and Cyclin D1 in a concentration-

dependent manner while HSP90 and HSP70 levels were not up-regulated, suggesting 

HSF1 was not dissociated from the HSP90 molecular chaperoning complex. It was 

reported that toxoflavin analogues might not interact directly with HSP90, but were 

found to bind to TPR2a, an essential co-chaperone of HSP90 molecular chaperone for its 

biological activity.336 The binding of a toxoflavin analogue results in the inhibition of the 

interaction between the C-terminus of HSP90 and TPR2a,336 which consequently down-

regulates its client proteins responsible for cancer cell survival and growth. The HSP90 

client protein p-AKT is depleted by the inhibition of the HSP90 chaperoning activity via 

the disruption of the interaction of the C-terminus of HSP90 with TPR2a by toxoflavin 

analogues. The down-regulation of p-AKT results in the failure of the phosphorylation of 

IKK and as a consequence, the NF-!B signaling pathway is inhibited.  
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Chapter 4 

Experimental Data 

4.1. Materials 

Chemicals used in the synthesis of the toxoflavin analogues were obtained from 

Sigma-Aldrich®. Grace’s medium for Sf-9 cells was obtained from JRH Biosciences, 

Lenexa, KS, USA. Cell culture medium for MCF-7 and NCI/ADR-RES, RPMI1640 

(GIBCO11875), was obtained from Life TechnologiesTM. DMEM medium for A549/NF-

!B-luc and McCoy’s 5A medium for SkBr3 were obtained from ATCC. Goat anti-rabbit 

Poly-HRP, SuperSignal® ELISA Pico Chemiluminescent Substrate, SuperBlock® 

Blocking Buffer was obtained from Thermo Scientific. Neu antibody (C-18) was 

obtained from Santa Cruz Biotechnology, Inc. Cell based NF-!B functional assay kit 

Bright-GloTM was obtained from Promega. Anti-phospho-Akt, anti-phospho-p65, anti-

hsp90, anti-hsp70, anti-cyclin D1, anti-"-actin and goat anti-rabbit IgG secondary 

antibody were from Cell Signaling Technology (Beverly, MA). Anti-Her2/ErbB2, anti-

cyclin D1, anti-p-p65, anti-p65, anti-IKK", anti-IKB#, anti-"-actin and goat anti-rabbit 

IgG secondary antibody were from Cell Signaling Technology (Beverly, MA). 

 

4.2. Na,K-ATP !4 

4.2.1. Homology Modeling of Na,K-ATPase Isoforms 

The sequences of the human and the rat Na,K-ATPase isoforms were obtained 

from the Uniprot.11,361 The most relevant for this study are the shark-derived Na,K-
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ATPase in the oubain-bound state (PDB ID: 3A3Y),20 the shark-derived apo Na,K-

ATPase (PDB ID: 2ZXE), and the pig variant crystalized without a ligand (PDB ID: 

3B8E).18 To facilitate building structural models of the Na,K-ATPase isoforms, protein 

sequence alignments of the sequences of the Na,K-ATPase isoforms with available 

template structures of Na,K-ATPase (3A3Y and 3B8E) were performed using 

Prime.124,362 The initial models were constructed in Prime.124 The models of the Na,K-

ATPase isoforms were relaxed with MacroModel using OPLS2005 force field in a water 

environment until converging at a termination gradient of 0.05 kJ/mol-Å.125 Ouabain was 

incorporated into each relaxed model of Na,K-ATPase isoforms. Finally, the crude model 

structures from Prime were refined using Protein Preparation Wizard (Schrodinger Suite 

2009) in Maestro.124,126,363,364 

 

4.2.2. High Throughput Virtual Screen 

4.2.2.1. General Procedure of Molecular Docking: 

The crystal structure of the shark rectal gland Na,K-ATPase in the ouabain bound 

state (PDB ID: 3A3Y) was imported to Maestro and prepared for the molecular modeling 

study using the Protein Preparation Wizard in Maestro.364-367 Water molecules were 

deleted and bond orders were assigned. The structure was minimized with the OPLS2001 

force field. Receptor grid generation was performed in Glide. The ligand of the shark 

rectal gland Na,K-ATPase (PDB ID: 3A3Y) was removed and a grid centroid was 

established by selecting amino acid residues that define the binding site (Ile322, Ile328, 

Val329, Ala330, and Thr804).  Corresponding amino acid residues in the rat !1 and !4, 

and the human !1 and !4 isoforms were used: Grids of the homology models of Na,K-
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ATPase isoforms were generated by selecting I330, I336, V337, A338, and T810 for 

hAA4, I322, I328, V329, A330, and T804 for hAA1, I283, I289, V290, A291, and T765 

for rAA1, and I322, I328, V329, A330, T804 for rAA4. The limit of the ligand length 

was ! 36 Å and the grid dimension was 14"10"14 in all cases. LigPrep was run on a 

virtual library containing 230K structures, resulting in 390K unique molecular 

compounds.368 Additional compounds used in this study were prepared using LigPrep. A 

series of docking simulations (HTVS, SP, and XP modes) were performed in Glide.  

  

4.2.3. General Protocol for the Calculation of Relative Binding Free Energy 

Changes Following the Docking Simulations 

Docking simulations of ouabain, ouabain analogues, and cetirizine in rAA1 and 

rAA4 were performed in the XP flexible docking mode with input ring conformation 

included and post docking minimization. Using the docked poses of the compounds in the 

target isoforms, their relative binding free energy changes were computed using MM-

GBSA method in Prime MM-GBSA. Docked compounds were merged with the protein 

and the complex was relaxed. Then, following protein preparation of the relaxed 

structure, additional docking simulations of the compounds and relative binding free 

energy calculation with MM-GBSA method were performed. 

 

4.2.4. Energy Minimization. 

Energy minimizations of the structures of proteins or the complexes of proteins 

with ligands were performed in MacroModel using OPLS2005 force field. The 



! "#$!

minimization was set up to stop at the threshold gradient of 0.05 kJ/mol-Å (with a Polak-

Ribiere Conjugate Gradient (PRCG) method. 

 

4.2.5. Biological Evaluation 

4.2.5.1. Rat Sperm Preparations 

All experimental protocols involving animals used in this work were approved by 

the University of Kansas Medical Center Institutional Animal Care and Use Committee. 

Sprague Dawley rats were purchased from Harlan (Indianapolis, IN). Spermatozoa were 

obtained from the cauda of adult rat epididymis, in modified Tyrode’s medium, 

containing: 95 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 5.5 mM 

glucose, 0.27 mM pyruvic acid, 0.25 mM lactic acid, 40 mM Hepes, 20 mM Tris, as 

previously described.65 

 

4.2.5.2. Sperm Motility Assays 

Approximately 3 x 106 cells in 300 !L of the modified Tyrode’s medium were 

incubated in the absence and presence of different amounts of cetirizine and fexofenadine 

for 60 min. Then, cells were labeled with 2 !L of a 75 !M stock of SITO 21 to track cell 

movement. After 2 min incubation with the dye, 7 !L aliquots from each sample were 

taken and placed into a glass cell chamber (Leja Products B.V., The Netherlands). Sperm 

motility was determined as described before,65 using CASA. An average of 200 

cells/field were captured, at a rate of 30 frames per field, and a total of 10 fields in each 

sample were analyzed.  The experiments were performed in triplicate. 
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4.2.5.3. Insect Cells and Viral Infections 

Sf-9 cells were grown in Grace’s medium (JRH Biosciences, Lenexa, KS, USA) 

with 3.3 g/L lactalbumin hydrolysate, 3.3 g/L yeastolate, and supplemented with 10% 

(v/v) fetal bovine serum, 100 units/mL penicillin, 100 µg/mL streptomycin and 0.25 

µg/mL Fungizone. Infections were performed in 150 mm petri dishes as previously 

described.39 After 72 h at 27 °C, cells were scraped from the culture plates, centrifuged at 

1500X g for 10 min and washed twice in 10 mM imidazole hydrochloride (pH 7.5) and 1 

mM EGTA. Cells were then suspended in the same solution homogenized as described 

and used for assays.39 

 

4.2.5.4. Na,K-ATPase Assay 

Na,K-ATPase activity was assayed on insect cells homogenates. Na,K-ATPase 

activity was determined by the initial rate of release of 32Pi from ![32P]-ATP as 

described.43,369 The incubation medium (0.25 ml) contained 120 mM NaCl, 30 mM KCl, 

3 mM MgCl2, 0.2 mM EGTA, 30 mM Tris-HCl (pH 7.4) and different concentrations of 

ouabain, cetirizine and fexofenadine. The assay was started by the addition of ATP with 

0.2 "Ci ![32P]-ATP (2 mM final concentration). Following 30 min incubation at 37 ˚C, 

the 32Pi-Pi released by the Na,K-ATPase reaction was complexed to molybdate in acidic 

medium by adding 5% ammonium molybdate in 4N SO4H2. The resulting 

phosphomolybdate was extracted with isobutanol as described.370 Radioactivity in 170 

µL of the organic phase was measured by liquid scintillation counting. Enzymatic activity 
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was determined as the difference in ATP hydrolysis in the absence and presence of 1 mM 

ouabain. The experiments were performed in triplicate. 

 

4.3. HSP90 

4.3.1. Synthesis of Toxoflavin Analogues 

N

N

O

OHS  
 

6-Hydroxy-3-methyl-2-(methylthio)pyrimidin-4(3H)-one (2):371 4,6-

Dihydroxy-2-mercaptopyrimidine (1) (10.17g, 71.99 mmol) was dissolved in 2N NaOH 

(aq) solution in an ice bath. Me2SO4 (8 mL, 84.35 mmol, 1.17 equiv) was added drop-

wise in an ice bath and the reaction mixture was stirred at room temperature for 3.5 h. 

After addition of another 4 mL (42.18 mmol, 0.59 equiv) Me2SO4 to the reaction mixture 

in an ice bath, the reaction mixture was stirred at room temperature for 1 h. The reaction 

was quenched by acidifying the reaction mixture with 1N HCl(aq) to pH 1-2 in an ice 

bath. The precipitated product was filtered. Recrystallization of the crude product with 

water provided 2 in 63% yield: 1H NMR (400 MHz, DMSO-d6) ! 11.32 (s, 1H), 5.21 (s, 

1H), 3.32 (s, 3H), 2.53 (s, 3H); 13C NMR (100 MHz, DMSO-d6) ! 166.75, 163.06, 

162.71, 84.87, 29.30, 14.45. 

 

N

N

O

ClS  
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6-Chloro-3-methyl-2-(methylthio)pyrimidin-4(3H)-one (3): Methylated 

compound 2 (13.37g, 77.64 mmol), POCl3 (39.8 mL, 5.5 equiv), and PhNMe2 (3.36 mL, 

0.6equiv)  was heated up to 83 °C for 3 h. The reaction mixture was cooled down to room 

temperature and ice was added to the reaction mixture. The resulting precipitate was 

collected by filtration and purified by a silica column chromatography using 2.5% MeOH 

in DCM. Chlorinated compound 3 was obtained in 60% yield (8.93g): 1H NMR (400 

MHz, CDCl3) ! 6.26 (s, 1H), 3.49 (s, 3H), 2.61 (s, 3H); 13C NMR (100 MHz, CDCl3) ! 

164.07, 161.23, 156.35, 107.21, 30.17, 15.10; HRMS (ESI+) m/z calcd for M+Na: 

212.9860, found 212.9857. 

 

N

N
H

O

ClO
 

6-Chloro-3-methylpyrimidine-2,4(1H,3H)-dione (4): Hydrolysis of the -SMe 

group of the compound 3 (714.6 mg, 3.75 mmol) was carried out with HCl in 50 % 

EtOH/H2O at 85 °C for 18 h. After all of the starting material was consumed, the solvent 

was evaporated under reduced pressure. Then, the resulting residue was stirred for 2 h. 

The resulting precipitate was filtered out and recrystalized from EtOH.  The purification 

yielded 63 % (378.8 mg) of the compound 4: 1H NMR (400 MHz, methanol-d4) ! 5.84 (s, 

1H), 3.24 (s, 3H), 3.20 (s, 1H); 13C NMR (100 MHz, methanol-d4) ! 164.75, 152.47, 

145.56, 100.74, 27.70; HRMS (ESI-) m/z calcd for M-H: 158.9967, found 158.9989. 
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N

N
H

O

NO NH2

 

3-Methyl-6-(1-methylhydrazinyl)pyrimidine-2,4(1H,3H)-dione (5): 

MeNHNH2 (3.5 mL, 66.5 mmol, 9.1 equiv) was added to the suspension of the 

compound 4 (1.1681 g, 7.3 mmol) in EtOH (8.5 mL) at room temperature. The reaction 

mixture was stirred at room temperature for 30 h. After all of the starting material was 

consumed, the solvent and MeNHNH2 were evaporated under reduced pressure. EtOH 

was added and evaporated again to remove the excess MeNHNH2. Purification by silica 

gel column chromatography yielded compound 5 in 84% (1.0352 g) yield: 1H NMR (400 

MHz, DMSO-d6) ! 4.66, 3.04 (s, 3H), 3.02 (s, 3H); 13C NMR (100 MHz, methanol-d4) ! 

166.85, 155.83, 152.49, 73.43, 40.73, 27.03; HRMS (ESI-) m/z calcd for M-H: 169.0731, 

found 169.0763. 

 

Compound 5 was reacted with various benzaldehyde to synthesize compounds 6a-

h, which were cyclized in the presence of NaNO2 in AcOH to form the N-oxide 

intermediate. The N-oxide intermediate was reduced to the final product in the presence 

of Na2S2O4 in water (Scheme 4.1).  

 

Scheme 4. 1. Synthesis of the toxoflavin analogues from compound 5 
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N

N
H

O

NO N

Cl

 

(E)-6-(2-(4-Chlorobenzylidene)-1-methylhydrazinyl)-3-methylpyrimidine-

2,4(1H,3H)-dione (6a): Compound 5 (400.0mg, 2.35 mmol) was stirred with p-

chlorobenzaldehyde (330.4mg, 2.35 mmol, 1equiv) in EtOH (25 mL) at 50 °C. After 15 

min, precipitation started. After 25 min stirring, the reaction mixture was cooled to room 

temperature and the product, 6a, was filtered and dried. The compound 6a was obtained 

in 93% yield (637.7mg): 1H NMR (400 MHz, DMSO-d6) ! 10.79 (s, 1H), 8.08 – 7.99 (m, 

2H), 7.97 (s, 1H), 7.53 – 7.45 (m, 2H), 5.25 (s, 1H), 3.34 (s, 3H), 3.11 (s, 3H); 13C NMR 

(100 MHz, DMSO-d6) ! 163.09, 150.64, 150.49, 139.09, 133.86, 133.35, 129.38, 128.46, 

77.20, 31.86, 26.23; HRMS (ESI+) m/z calcd for M+H: 293.0805, found 293.0813.  

 

N

N

O

NO N

N

Cl

 

3-(4-Chlorophenyl)-1,6-dimethylpyrimido[5,4-e][1,2,4]triazine-5,7(1H,6H)-

dione (7a): NaNO2 (147.0 mg, 2.13 mmol, 1 equiv) was added to the suspension of 

compound 6a (623.6 mg, 2.13 mmol) in AcOH (18 mL) at 0 °C. The reaction mixture 

was stirred at 21 °C for 3 h. Then, Et2O was added to the reaction mixture to precipitate 

the N-oxide intermediate (378.6 mg, 55% yield). Following filtration, the N-oxide 

intermediate (378.6 mg, 1.18 mmol) was stirred in 7 mL of aqueous solution of Na2S2O4 

(1.237 g, 7.11 mmol). After 10 min stirring, the reaction mixture was filtered and the 
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product was dried in a vacuum desiccator. After recrystallization from EtOH, compound 

7a was obtained in 87% (309.8 mg) yield: 1H NMR (400 MHz, CDCl3) ! 8.30 – 8.17 (m, 

2H), 7.54 – 7.41 (m, 2H), 4.23 (s, 3H), 3.52 (s, 3H); 13C NMR (100 MHz, CDCl3) ! 

158.47, 154.30, 152.48, 148.85, 145.33, 138.37, 130.32, 129.44, 128.66, 43.70, 29.21; 

HRMS (ESI+) m/z calcd for M+Na: 326.0415, found 326.0404.  

 

N

N
H

O

NO N

 

(E)-6-(2-Benzylidene-1-methylhydrazinyl)-3-methylpyrimidine-2,4(1H,3H)-

dione (6b): Compound 5 (400mg, 2.35 mmol) was stirred with benzaldehyde (237 µL, 

2.35 mmol, 1equiv) in EtOH (25 mL) at 50°C. After 6 h stirring, the reaction mixture was 

cooled to room temperature and the product was filtered and dried. Compound 6b was 

obtained in 77% yield (466.4mg): 1H NMR (400 MHz, DMSO-d6) ! 10.64 (s, 1H), 8.01 - 

7.88 (m, 3H), 7.48 - 7.31 (m, 3H), 5.24 (s, 1H), 3.35 (s, 3H), 3.11 (s, 3H); 13C NMR (100 

MHz, DMSO-d6) ! 163.10, 150.58, 150.53, 140.35, 134.35, 129.45, 128.42, 127.67, 

76.99, 31.77, 26.23; HRMS (ESI+) m/z calcd for M+Na: 281.1009, found 281.1009. 
 

N

N

O

NO N

N

 

1,6-Dimethyl-3-phenylpyrimido[5,4-e][1,2,4]triazine-5,7(1H,6H)-dione (7b): 

NaNO2 (109.9mg, 1.59 mmol, 1equiv) was added to the suspension of compound 6b 
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(466.4mg, 1.59mmol) in AcOH (18 mL) at 21 °C. The reaction mixture was stirred for 30 

min. Then, Et2O was added to the reaction mixture to precipitate the N-oxide 

intermediate (343.3 mg, 67% yield). Following filtration, the N-oxide intermediate (343.3 

mg, 1.20 mmol) was stirred in 7 mL of aqueous solution of Na2S2O4 (1.257 g, 7.22 

mmol). After 30 min stirring, the reaction mixture was filtered and the product was dried 

in a vacuum desiccator. After recrystallization from EtOH, compound 7b was obtained in 

76% yield (278.5 mg): 1H NMR (400 MHz, DMSO-d6) ! 8.24 - 8.14 (m, 2H), 7.59 (dd, J 

= 5.1, 1.9 Hz, 3H), 4.06 (s, 3H), 3.28 (s, 3H); 13C NMR (100 MHz, DMSO-d6) ! 159.00, 

154.06, 151.08, 149.55, 146.40, 132.58, 131.24, 129.21, 126.52, 42.78, 28.25; HRMS 

(ESI+) m/z calcd for M+H: 270.0991, found 270.0996.  

 

N

N
H

O

NO N

OMe

 

(E)-6-(2-(4-Methoxybenzylidene)-1-methylhydrazinyl)-3-methylpyrimidine-

2,4(1H,3H)-dione (6c): Compound 5 (400.0mg, 2.35 mmol) was stirred with 4-

methoxybenzaldehyde (285 µL, 2.35 mmol, 1equiv) in EtOH at 50 °C. After 6 h stirring, 

the reaction mixture was cooled to room temperature and the product was filtered and 

dried. Compound 6c was obtained in 81% yield (546.3mg): 1H NMR (400 MHz, DMSO-

d6) ! 10.58 (s, 1H), 7.92 (d, J = 8.5 Hz, 3H), 7.02 - 6.95 (m, 2H), 5.19 (s, 1H), 3.80 (s, 

3H), 3.32 (s, 3H), 3.10 (s, 3H); 13C NMR (100 MHz, DMSO-d6) ! 163.07, 160.42, 

150.56, 150.43, 140.36, 129.32, 127.00, 113.90, 76.41, 55.20, 31.62, 26.20; HRMS 

(ESI+) m/z calcd for M+Na: 311.1115, found 311.1111. 



! "#$!

 

N

N

O

NO N

N

OMe

 

3-(4-Methoxyphenyl)-1,6-dimethylpyrimido[5,4-e][1,2,4]triazine-5,7(1H,6H)-

dione (7c): NaNO2 (118.9mg, 1.72 mmol, 1equiv) was added to the suspension of 

compound 6c (496.8mg, 1.72 mmol) in AcOH (17 mL) at 21 °C. The reaction mixture 

was stirred for 3 h. Then, Et2O was added to the reaction mixture to precipitate the N-

oxide intermediate (456.8 mg, 84% yield). Following filtration, the N-oxide intermediate 

(419.3 mg, 1.33 mmol) was stirred in aqueous solution (8 mL) of Na2S2O4 (1.3895 g, 

1.33 mmol). After 30 min stirring, the reaction mixture was filtered and the product was 

dried in a vacuum desiccator. After recrystallization from EtOH, compound 7c was 

obtained in 76% yield (228.6 mg): 1H NMR (400 MHz, CDCl3) ! 8.25 (d, J = 9.0 Hz, 

2H), 7.01 (d, J = 9.0 Hz, 2H), 4.21 (s, 3H), 3.89 (s, 3H), 3.52 (s, 3H); 13C NMR (101 

MHz, CDCl3) ! 162.75, 158.72, 154.40, 153.54, 148.55, 145.17, 129.22, 124.32, 114.49, 

55.50, 43.61, 29.14; HRMS (ESI+) m/z calcd for M+H: 300.1097, found 300.1106.  

 

N

N
H

O

NO N

 

(E)-3-Methyl-6-(1-methyl-2-(4-methylbenzylidene)hydrazinyl)pyrimidine-

2,4(1H,3H)-dione (6d): Compound 5 (400mg, 2.35 mmol) was stirred with p-

tolualdehyde (285.7 mg, 2.35 mmol, 1equiv) in EtOH (25 mL) at 50 °C. After 15 min, 
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precipitation started. After 6 h stirring, the reaction mixture was cooled to room 

temperature and the product was filtered and dried. Compound 6d was obtained in 75% 

yield (480 mg): 1H NMR (400 MHz, DMSO-d6) ! 10.60 (s, 1H), 7.94 (s, 1H), 7.86 (d, J 

= 8.0 Hz, 2H), 7.24 (d, J = 7.9 Hz, 2H), 5.22 (s, 1H), 3.33 (s, 3H), 3.11 (s, 3H), 2.33 (s, 

3H); HRMS (ESI+) m/z calcd for M+Na: 295.1165, found 295.1161. 

 

N

N

O

NO N

N

 

1,6-Dimethyl-3-(p-tolyl)pyrimido[5,4-e][1,2,4]triazine-5,7(1H,6H)-dione (7d): 

NaNO2 (120.5mg, 1.75 mmol, 1equiv) was added to the suspension of compound 6d 

(475.6mg, 1.75 mmol) in AcOH (30 mL) at 0 °C. The reaction mixture was stirred at 21 

°C for 3 h. Then, Et2O was added to the reaction mixture to precipitate the N-oxide 

intermediate (455.4 mg, 87% yield). Following filtration, the N-oxide intermediate was 

stirred in aqueous solution (12 mL) of Na2S2O4 (1.4604 g, 1.40 mmol). After 1 h stirring, 

the reaction mixture was filtered and the product dried in a vacuum desiccator. After 

recrystallization from EtOH, compound 7d was obtained in 60% yield (238.1 mg): 1H 

NMR (400 MHz, Chloroform-d) ! 8.20 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 4.23 

(s, 3H), 3.53 (s, 3H), 2.44 (s, 3H); 13C NMR (101 MHz, CDCl3) ! 158.99, 154.78, 

153.86, 148.77, 145.11, 142.60, 129.79, 129.04, 127.29, 43.55, 28.97, 21.39; HRMS 

(ESI+) m/z calcd for M+H: 284.1147, found 284.1158.  
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3-(4-Chlorophenyl)-6-methylpyrimido[5,4-e][1,2,4]triazine-5,7(1H,6H)-dione 

(8): 33.3 mg (0.11 mmol) of 7a (TF-1) was dissolved in 1 mL of DMF. The solution was 

heated up to 140 °C for 5 h and then cooled down to room temperature. DMF was 

evaporated under high vacuumn at 27 °C. Recrystallization of the reaction product from 

EtOH provided 8 (TF-2) in 45% yield (14.3 mg): 1H NMR (400 MHz, DMSO-d6) ! 

12.89 (s, 1H), 8.41 (d, J = 8.7 Hz, 2H), 7.69 (d, J = 8.7 Hz, 2H), 3.29 (s, 3H); 13C NMR 

(100 MHz, DMSO-d6) ! 160.54, 158.74, 150.16, 149.49, 136.07, 133.17, 132.33, 129.31, 

128.75, 27.84; HRMS (ESI+) m/z calcd for M+H: 290.0445, found 290.0449.  

 

N

N
H

O

NO N

Cl

Cl

 

(E)-6-(2-(3,4-Dichlorobenzylidene)-1-methylhydrazinyl)-3-methylpyrimidine-

2,4(1H,3H)-dione (6e): Compound 5 (400 mg, 2.31 mmol) was stirred with 3,4-

dichlorobenzaldehyde (411.7 mg, 2.31 mmol, 1 equiv) in EtOH (23 mL) at 50 °C. After 6 

h stirring, the reaction mixture was cooled to room temperature and the product was 

filtered and dried. Compound 6e was obtained in 83% yield (627.7 mg): 1H NMR (400 

MHz, DMSO-d6) ! 10.97 (s, 1H), 8.48 - 8.33 (m, 1H), 8.01 - 7.81 (m, 2H), 7.68 (d, J = 

8.3 Hz, 1H), 5.26 (s, 1H), 3.33 (s, 3H), 3.12 (s, 3H); 13C NMR (101 MHz, DMSO-d6) ! 
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163.07, 150.70, 150.40, 137.89, 135.20, 131.48, 131.45, 130.58, 128.65, 128.14, 77.59, 

32.02, 26.25; HRMS (ESI+) m/z calcd for M+H: 327.0416, found 327.0425.  

 

N

N

O

NO N

N

Cl

Cl

 

3-(3,4-Dichlorophenyl)-1,6-dimethylpyrimido[5,4-e][1,2,4]triazine-5,7(1H,6H)-

dione (7e): NaNO2 (131 mg, 1.91 mmol) was added to the suspension of compound 6e 

(624.6 mg, 1.91 mmol) in AcOH (19 mL) at 0 °C. The reaction mixture was stirred at 

room temperature for 3 h. Then, Et2O was added to the reaction mixture to precipitate the 

N-oxide intermediate (572.9 mg, 85% yield). Following filtration, the N-oxide 

intermediate (542.4 mg, 1.53 mmol) was stirred in aqueous solution (15 mL) of Na2S2O4 

(1.6 g, 9.19 mmol). After 8 h stirring, the reaction mixture was filtered and the product 

was dried in a vacuum desiccator. After recrystallization from EtOH, compound 7e was 

obtained in 10% yield (50.4 mg): 1H NMR (400 MHz, CDCl3) ! 8.40 (d, J = 2.1 Hz, 1H), 

8.16 (dd, J = 8.5, 2.1 Hz, 1H), 7.60 (d, J = 8.5 Hz, 1H), 4.24 (s, 3H), 3.52 (s, 3H); 13C 

NMR (100 MHz, CDCl3) ! 158.31, 154.19, 151.29, 148.92, 145.40, 136.45, 133.83, 

131.73, 131.18, 128.98, 126.39, 43.73, 29.24; HRMS (ESI+) m/z calcd for M+H: 

338.0212, found 338.0222.  

 

N

N
H

O

NO N
Cl
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(E)-6-(2-(3-Chlorobenzylidene)-1-methylhydrazinyl)-3-methylpyrimidine-

2,4(1H,3H)-dione (6f): Compound 5 (192.2 mg, 1.13 mmol) was stirred with 3-

chlorobenzaldehyde (165.2 mg, 1.18 mmol, 1 equiv) in EtOH (12 mL) at 50 °C. After 4 h 

stirring, the reaction mixture was cooled to room temperature and the product was filtered 

and dried. Compound 6f was obtained in 79% yield (261.1 mg): 1H NMR (400 MHz, 

DMSO-d6) ! 10.95 - 10.84 (m, 1H), 8.24 (d, J = 2.0 Hz, 1H), 7.95 (s, 1H), 7.83 (dt, J = 

7.1, 1.7 Hz, 1H), 7.49 - 7.35 (m, 2H), 5.25 (d, J = 2.5 Hz, 1H), 3.34 (s, 3H), 3.12 (s, 3H); 

13C NMR (101 MHz, DMSO-d6) ! 163.08, 150.67, 150.48, 138.88, 136.59, 133.50, 

130.23, 129.02, 126.92, 126.51, 77.43, 31.96, 26.25. 
 

N

N

O

NO N

N Cl

 

3-(3-Chlorophenyl)-1,6-dimethylpyrimido[5,4-e][1,2,4]triazine-5,7(1H,6H)-

dione (7f): NaNO2 (61.5 mg, 0.89 mmol) was added to the suspension of compound 6f 

(261.1 mg, 0.89 mmol) in AcOH (9 mL) at 0 °C. The reaction mixture was stirred at 

room temperature for 3 h. Then, Et2O was added to the reaction mixture to precipitate the 

N-oxide intermediate (251.4 mg, 88% yield). Following filtration, the N-oxide 

intermediate (251.4 mg, 0.79 mmol) was stirred in aqueous solution (5 mL) of Na2S2O4 

(821.5 mg, 4.74 mmol). After 1 h stirring, the reaction mixture was filtered and the 

product was dried in a vacuum desiccator. After recrystallization from EtOH, compound 

7f was obtained in 23% yield (54.1 mg): 1H NMR (400 MHz, CDCl3) ! 8.29 (t, J = 1.9 

Hz, 1H), 8.25 – 8.18 (m, 1H), 7.56 – 7.50 (m, 1H), 7.49 – 7.42 (m, 1H), 4.24 (s, 3H), 3.53 
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(s, 3H); 13C NMR (101 MHz, CDCl3) ! 158.41, 154.28, 152.05, 148.97, 145.38, 135.43, 

133.59, 131.90, 130.40, 127.23, 125.54, 43.72, 29.22; HRMS (ESI+) m/z calcd for M+H: 

304.0601, found 304.0615.  

 

N

N
H

O

NO N

tBu

 

(E)-6-(2-(4-(tert-Butyl)benzylidene)-1-methylhydrazinyl)-3-methylpyrimidine-

2,4(1H,3H)-dione (6g): Compound 5 (200 mg, 1.18 mmol) was stirred with 4-tert-

butylbenzaldehyde (190.6 mg, 1.18 mmol) in EtOH (12 mL) at 50 °C. After 4 h stirring, 

the reaction mixture was cooled to room temperature and the product was filtered and 

dried. Compound 6g was obtained in 84% yield (312.0 mg): 1H NMR (400 MHz, 

DMSO-d6) ! 10.57 (d, J = 2.4 Hz, 1H), 7.96 (s, 1H), 7.89 - 7.84 (m, 2H), 7.47 - 7.41 (m, 

2H), 5.23 (d, J = 2.5 Hz, 1H), 3.34 (s, 3H), 3.11 (s, 3H), 1.30 (s, 9H); 13C NMR (100 

MHz, DMSO-d6) ! 163.08, 152.24, 150.53, 150.47, 140.35, 131.66, 127.46, 125.22, 

76.80, 34.51, 31.73, 30.96, 26.22; HRMS (ESI+) m/z calcd for M+H: 315.1821, found 

315.1828.  

 

N

N

O

NO N

N
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3-(4-(tert-Butyl)phenyl)-1,6-dimethylpyrimido[5,4-e][1,2,4]triazine-5,7(1H,6H)-

dione (7g): NaNO2 (70.0 mg, 1.01 mmol) was added to the suspension of compound 6g 



! "#"!

(290.8 mg, 0.93 mmol) in AcOH (9 mL) at 0 °C. The reaction mixture was stirred at 

room temperature for 3 h. Then, Et2O was added to the reaction mixture to precipitate the 

N-oxide intermediate (186.5 mg, 59% yield). Following filtration, the N-oxide 

intermediate (186.5 mg, 0.55 mmol) was stirred in aqueous solution (5 mL) of Na2S2O4 

(570.7 mg, 3.28 mmol). After 1 h stirring, the reaction mixture was filtered and the 

product was dried in a vacuum desiccator. After recrystallization from EtOH, compound 

7g was obtained in 60% yield (107.1 mg): 1H NMR (400 MHz, CDCl3) ! 8.23 (d, J = 8.6 

Hz, 2H), 7.53 (d, J = 8.7 Hz, 2H), 4.23 (s, 3H), 3.53 (s, 3H), 1.37 (s, 9H); 13C NMR (101 

MHz, DMSO-d6) ! 162.02, 154.14, 154.04, 151.23, 149.45, 146.38, 129.91, 126.40, 

126.03, 42.76, 34.76, 30.88, 28.24: HRMS (ESI+) m/z calcd for M+Na: 348.1431, found 

348.1414.  

 

N

N
H

O

NO N

 

(E)-3-Methyl-6-(1-methyl-2-(2-methylbenzylidene)hydrazinyl)pyrimidine-

2,4(1H,3H)-dione (6h): Compound 5 (200.0 mg, 1.18 mmol) was stirred with o-

tolylaldehyde (171.4 mg, 1.43 mmol) in EtOH (12 mL) at 50 °C. After 6 h stirring, the 

reaction mixture was cooled to room temperature and the product was filtered and dried. 

Compound 6h was obtained in 78% yield (251.2 mg): 1H NMR (400 MHz, CDCl3) ! 

9.18 (s, 1H), 7.93 (s, 1H), 7.77 (dd, J = 7.5, 1.7 Hz, 1H), 7.31 (ddd, J = 9.7, 7.3, 1.7 Hz, 

2H), 7.25 - 7.20 (m, 1H), 5.19 (d, J = 2.7 Hz, 1H), 3.36 (s, 3H), 3.33 (s, 3H), 2.50 (s, 3H); 

13C NMR (100 MHz, DMSO-d6) ! 163.09, 150.56, 150.48, 138.38, 136.67, 132.21, 
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130.54, 129.29, 126.88, 125.91, 77.09, 31.77, 26.24, 19.18; HRMS (ESI+) m/z calcd for 

M+H: 273.1352, found 273.1363.  

 

N

N

O

NO N

N

 

1,6-Dimethyl-3-(o-tolyl)pyrimido[5,4-e][1,2,4]triazine-5,7(1H,6H)-dione (7h): 

NaNO2 (58.7 mg, 0.85 mmol) was added to the suspension of compound 6h (231.6 mg, 

0.85 mmol) in AcOH (9 mL) at 0 °C. The reaction mixture was stirred at room 

temperature for 3 h. Then, Et2O was added to the reaction mixture to precipitate the N-

oxide intermediate (87.0 mg, 34% yield). Following filtration, the N-oxide intermediate 

(87 mg, 0.29 mmol) was stirred in aqueous solution (3 mL) of Na2S2O4 (303.7 mg, 1.74 

mmol). After 1 h stirring, the reaction mixture was filtered and the product dried in a 

vacuum desiccator. After recrystallization in EtOH, compound 7h was obtained in 17% 

yield (14.5 mg): 1H NMR (400 MHz, CDCl3) ! 7.92 (dd, J = 7.7, 1.5 Hz, 1H), 7.46 - 7.31 

(m, 3H), 4.23 (s, 3H), 3.53 (s, 3H), 2.58 (s, 3H); HRMS (ESI+) m/z calcd for M+Na: 

306.0961, found 306.0947.  

 

4.3.2. Biology 

4.3.2.1. Animal Study with LE Rats 

In order to study the effect of 7a, 7b, 7c, 7d, and 8 on spermatogenic potential, 

approximately 70 days old adult Long Evans male rats were used. For 7a, three treatment 
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groups were designed as follows: 6 rats for control (only vehicle was administered) via 

oral gavage; six rats – 3 mg/kg 7a was given as oral gavage to each animal; six rats – 6 

mg/kg 7a was given as oral gavage to each animal following the formulation of 7a in 

10% ethanol and 90% sesame oil. For 7b, 7c, 7d, and 8, one dose of 25 mg/kg was 

administered as a single ip dose following the formulation of toxoflavin analogues in 0.1 

M Captisol. The animals were sacrificed after 5 days and the testis, the epididymis, the 

kidney, the liver, the spleen, and the blood were harvested. The tissues were fixed in 

Bouin’s fixative, processed for histology and stained with H&E. Epididymal sperm were 

collected, smeared onto slides, fixed with methanol and stained using FITC-PNA+DAPI. 

 

4.3.2.2. Antiproliferative Activity 

4.3.2.2.1. Cancer Cell Culture 

MCF-7, NCI/ADR-RES, A549/NF-!B-luc, and SkBr3 cancer cells were cultured 

in T-75 culture flasks with growth media: RPMI1640 (GIBCO11875) with 10% FBS for 

MCF-7 and NCI/ADR-RES, DMEM (ATCC P/N 30-2002) with 10% FBS, penicillin, 

streptomycin and hygromycin for A549/NF-!B-luc, and McCoy’s 5A medium (ATCC 

P/N 30-2007) with 10% FBS for SkBr3. Cancer cells were incubated at 5% CO2 and 37 

°C, and subcultured when cells reached 90% confluency. 

 

4.3.2.2.2. Antiproliferation Assay with alamarBlue 

MCF-7, NCI/ADR-RES, A549/NF-!B-luc, and SkBr3 cancer cells were harvested (125X 

G centrifuge for 5 min) from an exponential-phase maintenance culture. The cells were 
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re-suspended in new culture media (RPMI1640 (GIBCO11875) with 10% FBS (MCF-7 

and NCI/ADR-RES), DMEM (ATCC P/N 30-2002) with 10% FBS, penicillin, 

streptomycin and hygromycin) (A549/NF-!B-luc), and McCoy’s 5A medium (ATCC 

P/N 30-2007) with 10% FBS (SkBr3)) and the cell density was adjusted to 105 cells/mL 

and dispensed in 96-well culture plates at a density of 5000 cells per well (50 µL). The 

cells were incubated overnight to allow cells to adhere to the wells. Assay concentrations 

were prepared via serial dilution with fresh culture medium from 20 mM stock solutions 

of compounds in DMSO. The culture medium (50 µL) containing varying concentrations 

of the test and control compounds was added to each well. The cultures were grown for 

an additional 72 h and alamarBlue (10 µL) was added. After 1.5 h, the fluorescence 

excitation (530 nm) and emission (590 nm) of each well were measured to determine the 

optical density. Each compound was tested in triplicate with less than 5% variation.  

 

4.3.2.3. Cell-based Her2 ELISA 

Cells were seeded at 5000/well (50 µL) in clear bottom/black sided 96-well plates 

and placed into an incubator for 24 h to allow cells to adhere to the wells. Assay 

concentrations were prepared via serial dilution with fresh culture medium from 20 mM 

stock solutions of compounds in DMSO. The culture medium (50 µL) containing varying 

concentrations of the test and control compounds was added to each well. Following 

incubation for 24 h, culture media were removed and cells were washed twice with 125 

µL of cold PBST. Cells were incubated with 100 µL of cold methanol (-20 °C) at 4 °C for 

10 min, and washed with 125 µL of cold PBST twice. Following 1 h incubation at room 

temperature in 200 µL of blocking buffer (5% BSA in PBST), cells were incubated 
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overnight with anti-Her2 antibody (1:500 dilution in blocking buffer, 100 µL) at 4 °C. 

Cells were washed with 125 µL of cold PBST twice. Cells were incubated with anti-

rabbit antibody in blocking buffer (1:1000 dilution, 100 µL) at room temp for 2 h, and 

then, washed three times with 125 µL of cold PBST. Luminescent reagent was added and 

plates were read immediately on luminometer. DMSO without antibody was a negative 

control, DMSO with Her2 primary and secondary antibodies as a positive control, and 

GDA as a standard Hsp90 inhibitor. 

 

4.3.2.4. Cell-based NF-!B Functional Assay 

A549/NF-!B-luc cells were cultured using complete growth medium (ATCC P/N 30-

2002, 10% FBS, penicillin and streptomycin) containing hygromycin at 37 °C with 5% 

CO2. After trypsinizing and centrifuging the cells (150X G for 5 min), the cell density 

was adjusted to 105 cells/mL and dispensed in 96-well culture plates at a density 5000 

cells per well (50 µL). The cells were incubated for 24 h, allowing cells to attach. The 

appropriate compound in the complete growth medium (50 µL) was added to each well 

and the cells were incubated for another 30 min. TNF-" (5 µL of TNF-" solution in 1X 

PBS (1:667 dilution of TNF-" in 1X PBS)) was then added to each well. After incubating 

for another 7 h, luciferin reagent (100 µL; Bright-GloTM from Promega) was added to 

each well. After 2 min, luciferase activity was measured by luminescence detection 

according to the manufacturer’s instructions. Each compound was tested in triplicate with 

less than 5% variation. 
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4.3.2.5. Western Blot Analysis  

For the preparation of cell lysates from cell lines, A549 cells (1 ! 106) treated 

with different concentration of toxoflavin analogues were harvested and incubated in 

RIPA buffer with protease inhibitor and phosphatase inhibitor (Pierce, Rockford, IL) for 

10 min on ice. Subsequently, the preparations were centrifuged (14,000 g for 10 min at 4 

°C), the supernatants collected, the protein concentration measured using a BCA protein 

assay kit (Pierce, Rockford, IL), samples aliquoted and stored at "80 °C.  

For western immunoblotting, aliquots of protein (50 µg for cell culture sample) 

were electrophoresed on a 4-12% Novex Tris–glycine gel (Invitrogen, Carlsbad, CA), 

and transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). After 

blocking with tris-buffered saline (TBS) containing 0.05% Tween20 (TBST) and 5% 

non-fat powdered milk, the membrane was incubated with the primary antibody solution 

at 4 °C overnight. Subsequently, the membrane was washed with TBST and incubated 

with the appropriate horseradish peroxidase-conjugated secondary antibody for 1 h at 

room temperature. The protein-antibody complexes were detected by enhanced 

chemiluminescence (ECL kit) in accordance with the manufacturer’s directions (Pierce, 

Rockford, IL). All membranes were stripped and reprobed with anti-#-actin (1:1000) to 

check for differences in the amount of protein loaded in each lane. For each protein, at 

least three Western assays were carried out. For quantitative determination of protein 

levels, densitometric measurements of Western blot bands were performed using 

digitalized scientific software program UN-SCAN-IT software (Silk Scientific, Orem, 

Utah). Anti-Her2/ErbB2, anti-phospho-Akt, anti-phospho-p65, anti-Hsp90, anti-Hsp70, 
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anti-cyclin D1, anti-!-actin and goat anti-rabbit IgG secondary antibody were from Cell 

Signaling Technology (Beverly, MA). 
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Appendix 

(a) 

 

(b) 

 

SI Figure 1. 1. Comparison of co-crystal structures of Na,K-ATPases from pig renal 

gland (3N23, pale cyan) with shark rectal gland (3A3Y, orange): (a) helices forming the 

ouabain binding pocket, and (b) Loop1 linking M1-M2 of 3N23 and 3A3Y. 
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SI Figure 1. 2. Comparison of the pig renal Na,K-ATPase (magenta) in the ouabain-

bound state (PDB ID: 3N23) with the apo pig renal Na,K-ATPase (green) (PDB ID: 

3B8E), showing the deviation of the M4 helices between the apo- and the ouabain-bound 

structures. The deviation of the M4 helix of these two structures is approximately 17°. 
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SI Figure 1. 3. Sequence alignment of full length sequences of the human Na,K-ATPase 

!4 and the shark Na,K-ATPase: 75% identical overall (aligned at www.uniprot.org), 77% 

identical from V45 (shark) to Y1028 (shark) (aligned by Prime). !
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SI Figure 1. 4. Sequence alignment of full length sequences of the rat Na,K-ATPase !4 

and the shark Na,K-ATPase: 74% identical overall (aligned at www.uniprot.org), 76% 

identical from V45 (shark) to Y1028 (shark) (aligned by Prime).  
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SI Figure 1. 5. Human Na,K-ATPase !1 vs human Na,K-ATPase !4: 79% overall, and 

85% in the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 6. Human Na,K-ATPase !1 vs rat Na,K-ATPase !4: 77% overall, and 87% 

in the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 7. Human Na,K-ATPase !1 vs rat Na,K-ATPase !1: 96% overall, and 99% 

in the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 8. Human Na,K-ATPase !4 vs rat Na,K-ATPase !1: 79% overall, and 86% 

in the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 9. Human Na,K-ATPase !4 vs rat Na,K-ATPase !4: 83% overall, and 88% 

in the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 10. Rat Na,K-ATPase !1 vs rat Na,K-ATPase !4: 77% overall, and 86% in 

the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 11. Rat Na,K-ATPase !1 vs pig Na,K-ATPase !1: 97% overall, and 98% in 

the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 12. Rat Na,K-ATPase !4 vs pig Na,K-ATPase !1: 76% overall, and 86% in 

the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 13. Human Na,K-ATPase !1 vs pig Na,K-ATPase !1: 98% overall, and 

98% in the transmembrane domains that contains the ouabain binding pocket. 



! "#$!

 

SI Figure 1. 14. Human Na,K-ATPase !4 vs pig Na,K-ATPase !1: 77% overall, and 

85% in the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 15. Rat Na,K-ATPase !1 vs sheep Na,K-ATPase !1: 97% overall, and 

99.5% in the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 16. Rat Na,K-ATPase !4 vs sheep Na,K-ATPase !1: 76% overall, and 82% 

in the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 17. Human Na,K-ATPase !1 vs sheep Na,K-ATPase !1: 97% overall, and 

99.5% in the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 18. Human Na,K-ATPase !4 vs sheep Na,K-ATPase !1: 77% overall, and 

85% in the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 19. Shark rectal gland Na,K-ATPase vs sheep Na,K-ATPase !1: 87% 

overall, and 94% in the transmembrane domains that contains the ouabain binding 

pocket. 
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SI Figure 1. 20. Shark rectal gland Na,K-ATPase vs pig Na,K-ATPase !1: 87% overall, 

and 93% in the transmembrane domains that contains the ouabain binding pocket. 
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SI Figure 1. 21. Pig Na,K-ATPase !1 vs sheep Na,K-ATPase !1: 98% overall, and 99% 

in the transmembrane domains that contains the ouabain binding pocket. 
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SI Table 1. 1. Comparison of the amino acid residues of the ouabain 

binding pocket in the Na,K-ATPase ! isoforms within 4 Å from ouabain 

hAA4 hAA1 rAA4 rAA1 
A122 A114 A114 A75 
Q126 Q118 H118 R79 
K135  K127b  
D136 D128 D128 D89 
N137 N129 N129 D90 
L140 L132 L132 L93 
Y323 Y315 Y315 Y276 
E327 E319 D319 E280 
I330 I322 I322 I283 
F331 F323 F323 F284 
I333 I325 I325 I286 
G334 G326 G326 G287 
I335 I327 I327 I288 
I326 I328 I328 I289 
V337 V329 V329 V290 
A338 A330 A330 A291 
E792 E786 E786 E747 
I793 I787 I787 I748 
F796 F790 F790 F751 
F799 F793 F793 F754 
I800 I794 I794 I755 
L806 L800 L800 L761 
L808 L802 L802 L763 
G809 G803 G803 G764 
T810 T804 T804 T765 
I813 I807 I807 I768 
R893 R887 R887 R848 
L894 V888 V888 E849 
E897 D891 D891 D852 

 
* Red color represents that they are not within 4 Å from ouabain. Q126 

and N137 of the human !4 isoform (and the corresponding amino acid 

residues of other isoforms) are the N-terminus and the C-terminus of the 

Loop1. 
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(a) 

 

(b) 

 

SI Figure 1. 22. Comparisons of the pig !1 (pale cyan) with the human !1 (yellow): (a) 

Conformatons of helices of the M-domain of the enzyme, (b) hydrogen bonding 

interactions of ouabain with the enzyme. 
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SI Figure 1. 23. The ion binding site I and II with K+ in the apo shark Na,K-ATPase 

(2ZXE): the site I (left blue star) and the site II (right blue star). 
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SI Figure 1. 24. The ion binding site I and II with K+ in the shark Na,K-ATPase in the 

ouabain bound state (3A3Y): the site I (left purple star) and the site II (right purple star). 
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SI Figure 1. 25. The comparison of the ion binding site II between the apo (2ZXE, blue 

potassium and green carbons) and the ouabain bound state (3A3Y, purple potassium and 

brown carbons) of the shark Na,K-ATPase. The coordination of K+ to the carbonyl 

oxygen is distorted: The distance between K+ and the carbonly oxygen is 2.95 Å in the 

apo structure and 3.30 Å in the ouabain bound structure. 
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SI Figure 1. 26. Hydrogen bonding interaction of Gly326 with Val329 in the apo shark 

Na,K-ATPase (3.27 Å, green carbons) and the disruption of the hydrogen bonding 

interaction of Gly326 with Val329 in the ouabain bound shark Na,K-ATPase (4.62 Å, 

brown carbons). 
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SI Figure 1. 27. Hydrogen bonding interaction of the lactone of ouabain with Val329 and 

Ala330 in 3A3Y.  
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SI Figure 1. 28. 2D (a) and 3D (b) binding mode of ouabain in pig Na,K-ATPase !1 

(PDB ID: 3N23): This co-crystal structure in the ouabain-bound state at 4.6 Å resolution 

was proposed as a structure of Na,K-ATPase with the high affinity to ouabain.   
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SI Figure 1. 29.!Amino acid residues forming hydrophobic surface in the ouabain 

binding pocket in the rat !1 (cyan) and !4 (green) isoforms. 
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SI Figure 1. 30.!Inhibitory activity of ouabain on Na,K-ATPase activity. 
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(a) 

 

(b) 

 

(c) 

 

!"#$%&'()#*+#1. Overlay of Na,K-ATPase inhibitors: (a) Ouabain (green) with SS-I-24 (gray), (b) 

ouabain with SS-I-42 (cyan), and (c) ouabain (green) with SS-I-54 (orange). 

 


