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ABSTRACT 

In silico design of compounds as SGLT2 inhibitors 

Name of the student: Kamaljyoti Chakravorty 

Registration number: 16mslshg04 

Degree for which submitted: M.Sc Life Sciences (specialization in Human genetics) 

Name of the supervisor: Prof. Anjana Munshi 

Name of the department: Human genetics and Molecular medicine 

Name of the School: Health Sciences 

Key words: SGLT2 inhibitors, type 2 diabetes mellitus, gliflozin, structural insights, aglyconic, 

binding site. 

SGLT2 inhibitors (SGLT2i) are the current novel therapeutic approach expected to control the 

growing threat of type 2 diabetes mellitus (T2DM). With comparatively least reported side 

effects, SGLT2i (gliflozins) have been identified as promising tools to tackle the threat of 

T2DM. However, studies have also reported these drugs to cause renal impairments and 

urinogenital infections among certain T2DM patients. The efficacy of an inhibitor is 

fundamentally determined by the stability of protein-inhibitor complex. Therefore, it is 

essential to study the binding site residues of SGLT2 in the light of inhibitors’ interactions. 

Structural insights of SGLT2 suggested a competitive inhibition of the ligand glucose (agonist) 

by the gliflozins. The inhibitory effect of SGLT2i reduces the renal reabsorption of glucose 

and promotes glycosuria. Consequently, a reduced plasma glucose level prevents the risk of 

hyperglycemia and further T2DM. In order to design potent inhibitors the structures of the 

available gliflozins (empagliflozin, canagliflozin, dapagliflozin and ertugliflozin) were analysed. 

Accordingly, a library of 44 fragment molecules was generated for interactive enumeration. A 

core ligand structure was designed based on the structural analysis of the gliflozin. A total of 

3250 ligand molecules were obtained using schrodinger maestro v11.3. Docking results have 

shown ligand molecules exhibiting two different modes of inhibition. Set A molecules 

exhibited glyconic mode of interaction while set B molecules displayed aglyconic mode of 

interaction at the glucose binding site. The interactions of set B molecules are similar to that 

of the standard gliflozins and are expected to be less stable. Lesser stability of the protein-
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ligand complex perhaps lead to the reported side effects. On the other hand, set A molecules 

(with lower docking score) are expected to be much stable in terms of their interactions which 

differ significantly from that of the standard gliflozins. Therefore, set A molecules are the 

anticipated potent SGLT2 inhibitors expected to show reduced side effects. 

 

 

(Kamaljyoti Chakravorty)                                                                          Prof. Anjana Munshi 
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Diabetes mellitus is a metabolic disorder characterized by hyperglycemia and glucose 

intolerance as their hallmark (Association, 2014). As far as the prevalence is concern, 

Diabetes mellitus is expected to become the seventh leading cause of death by 2030 

(Mathers and Loncar, 2006). According to WHO, the prevalence of diabetes has 

increased by four times since 1980 to 2014 and has reached its epidemic proportion 

by now (Organization, 2016). India is among the top ten countries with high diabetic 

prevalence and currently faces a great threat with 69.2 million diabetic individuals 

approximately (Collaboration, 2016; Prabhakaran et al., 2016; Sandu et al., 2016). In 

fact, it is expected to reach beyond 123.5 million by 2040 (Patnaik et al., 2016). 

Therefore, it is essential to either improve the available therapeutics or develop new 

therapeutics with utmost treatment efficacy. 

Diabetes mellitus is a multifactorial disorder caused by genetic factors, environmental 

factors as well as gene-environment interactions (Kaveeshwar and Cornwall, 2014). 

Obesity in association with lifestyle changes is one of the major risk factors for 

diabetes. Modern lifestyle along with overconsumption of energy-rich food leads to 

excess release of fat molecules in the body. The long saturated free fatty acids are 

believed to induce ER stress which leads to β cell dysfunction and apoptosis 

eventually (Back and Kaufman, 2012). In addition to this, age, ethnicity and family 

history are also among the essential risk factors (Gunasekaran and Gannon, 2011; 

Spanakis and Golden, 2013; Zhang et al., 2006). Moreover, PCOS patients often 

demonstrate high insulin level conferring insulin resistance and further increasing the 

risk for type 2 diabetes mellitus (Gambineri et al., 2012). 

Diabetes mellitus is broadly classified into three types; Type 1 diabetes mellitus 

(formerly named Insulin Dependent Diabetes Mellitus), Type 2 diabetes mellitus 

(formerly named Non-Insulin Dependent Diabetes Mellitus) and Gestational diabetes 

(GDM). In type 1 diabetes mellitus (T1DM) the cellular uptake of plasma glucose 

decreases due to reduction in insulin secretion. Auto - antibodies formed against the 

pancreatic β cells cause β cell apoptosis and, thus, reduce the secretion of insulin 

(Deutschländer et al., 2010). Type 2 diabetes mellitus (T2DM) is, however, mostly 

antibody independent and occurs due to insulin insensitivity. It alone accounts for 
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about 90% of the diabetes cases while T1DM accounts only for about 10% (Chao and 

Henry, 2010). Gestational diabetes mellitus is uniquely observed in pregnant women 

during their third trimester. The gravid females show varying degrees of 

hyperglycemia during pregnancy. Although the condition usually gets resolved within 

six weeks of delivery, yet it increases the risk of developing T2DM in the later part of 

their life (Laboratories, 2016). 

The current focus is on T2DM along addressing the current pharmaco-therapeutic 

approaches available in the market. 

1.1.  Pathophysiology of T2DM 

The human body has certain level of glucose tolerance due to the antagonistic 

balanced metabolism of plasma glucose by insulin and glucagon in their optimum 

level (normoglycemic condition). However, hyperglycemia is one of the outcomes of a 

change in this equilibrium. In T2DM, hyperglycemia is known to be the first 

manifestation due to insulin resistance. Insulin receptors (IR) expressed by the cells 

(especially muscle cells and fat cells; also known as the cells of periphery) do not 

respond to the domain-bound insulin molecules. Consequently, the activation of 

glucose transporters (GLUT) fails to occur and halts the uptake of glucose increasing 

the plasma glucose concentration. Such resistance to insulin causes a transformation 

of the β cell mass and further increasing the plasma insulin level for compensating the 

demand. The increased level of insulin (hyperinsulinemia) along with insulin 

resistance leads to impaired glucose tolerance eventually (Cernea and Dobreanu, 

2013; DeFronzo et al., 2015). Insulin resistance also impairs the suppression of 

hepatic glycolysis and gluconeogenesis and also weakens the uptake of free fatty 

acids by the adipocytes (causing hyperlipidemia) (Otero et al., 2014). Chronic 

hyperglycemia (glucotoxicity) stimulates multiple stress signals (e.g. ER stress) and 

pathways (e.g. NF-κB pathway) which eventually leads to β cell apoptosis and, 

hence, reduces insulin secretion (Back and Kaufman, 2012; Cernea and Dobreanu, 

2013; Fiorentino et al., 2013). 
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The mode of Inheritance of T2DM is yet unclear except for MODY. Maturity onset 

diabetes in young (MODY) is an autosomal dominant heterogenous disorder reported 

to occur from the mutation of glucokinase (GCK) gene (7p13). 

1.2. Complications of T2DM 

Chronic hyperglycemia has been reported to cause long-term damage and failure of 

various organ systems. Such adverse complications of T2DM are broadly divided into 

two types; Microvascular complications and Macrovascular complications. 

Microvascular complications arise due to damage of microvasculatures (small blood 

vessels for intratissue blood circulation) while macrovascular complications are 

caused due to damage of macrovasculatures (large blood vessels for intertissue 

blood circulation) (Organisation, 2018). As shown in table 1, microvascular 

complications include diabetic retinopathy, nephropathy and neuropathy while 

macrovascular complications include coronary artery disease, peripheral arterial 

disease and stroke (Fowler, 2011). Studies have reported that reactive oxygen 

species (ROS), advanced glycation end product (AGE) and intracellular signaling 

molecules such as protein kinase C (PKC) are certain key modulators responsible for 

the various complications of T2DM (Chawla et al., 2016). Currently most of the 

studies are concerned with macrovascular complications. Drug therapeutics is, 

however, available to delay the onset and further halt the progression of these 

complications. 

Table 1. Complications of type 2 diabetes mellitus (T2DM). 

Microvascular 

complications 
Features References 

Diabetic 

retinopathy 

Hyperglycemia causes damage to the 

blood retinal barrier. Consequently 

leakage of fluid into the tissue, causing 

edema, leads to progressive loss of 

vision. 

(Organisation, 

2018) 
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Diabetic 

nephropathy 

High blood glucose level damages the 

small blood vessels of kidney leading to 

microalbuminuria. Progressively 

proteinuria is observed which eventually 

overt diabetic kidney disease. 

(Fowler, 2011; 

Organisation, 

2018) 

Diabetic 

neuropathy 

Hyperglycemia mediated damage to 

microvasculatures reduces blood flow to 

the nerves. As a result, the diminished 

neural activity leads to sensory loss in 

extremities, limb damage (amputation in 

extreme cases) and even impotency in 

some individuals. 

(Organisation, 

2018) 

Macrovascular 

complications 
Features References 

Coronary artery 

disease (CAD) 

Diabetic patients are diagnosed with a 

large concentration of small LDL 

molecules (due to hyperlipidemia). Due to 

high atherogenicity of small LDL, they 

deposit in the base of large bood vessels 

of the heart (coronary arteries). The 

deposition obstructs the blood flow 

(atherosclerosis) and increases the risk of 

myocardial infarction (MI). 

(Vergès, 2015) 

Peripheral artery 

disease (PAD) 

Diabetic patients are reported with a 

decreased bioavailability of NO (a potent 

vasodilator) and increased secretion of 

endothelin-1 (vasoconstrictor) leading to 

endothelial–smooth muscle dysfunction. 

(Sena et al., 2013) 
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This along with atherosclerosis and 

arterial stenosis increases the risk of 

PAD, especially claudications. 

Stroke 

Anti–coagulant mechanisms are 

observed to be diminished in diabetic 

patients along with an increase level of 

blood clotting factors and platelets. 

Therefore, arteries ruptured by 

atherosclerotic plaque results in 

increased platelet aggregation 

(hypercoagulation). Progressive 

hypercoagulation and occlusion in blood 

vessels increases the risk of ischemic 

stroke. 

(Jacobson et al., 

2014) 

 

1.3. Computer-aided drug design 

Computer-aided drug design (CADD) is a method to design, enhance and discover 

efficient drug molecules using computational chemistry and analyze their biological 

activity. Advanced computational tools are used to design library of ligand molecules 

using the knowledge from the target molecule. CADD is also referred to as rational 

drug design in some context. More fundamentally, CADD deals with estimating the 

affinity of a given molecule to bind with the target and henceforth estimating the 

strength of their bond. Although computational tools are essential for drug designing, 

not all designing methods necessarily depend on computer modeling techniques. 

CADD, ideally, allows a researcher to identify the potent ligand molecule prior to its 

synthesis. As a result, the required molecule can be synthesized making judicious 

utilization of the available limited resources. Although CADD has accelerated drug 

discovery by reducing the number of required iterations, yet the estimates of binding 

affinity are still qualitative in practice. Lack of perfect computational methods perhaps 
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is the reason for the recurrent need of several iterations before the discovery of the 

drug molecule. 

Drug design techniques are of two major types; Structure-based drug design and 

Ligand-based drug design. 

 

1.3.1. Structure-based drug design (SBDD) 

SBDD is concerned with using the 3D structure of a protein to create a potent drug 

molecule. Homology modeling is a well-known technique in SBDD. X-ray 

crystallography, Nuclear Magnetic Resonance, and Mass Spectrometry are the 

techniques used to obtain a 3D structure of a protein with optimum resolution. 

Resolution of a few angstroms can favor researchers to precisely examine the various 

atomic interactions within the target molecule as well as between the target and the 

drug molecule. Drug targets, especially protein, appear to be a key molecule for the 

occurrence of certain diseases. Therefore, the creation of a potent drug molecule for 

the target can help in counteracting and reducing the prevalence of the disease. 

1.3.2. Ligand-based drug design (LBDD) 

In case the structure of target molecule is not known but the interacting ligand 

molecules are known, molecules with structural similarities can be created. The 

resulting molecules have a structure-activity relationship (SAR) with the standard 

ligand molecule and expected to exhibit similar interactions. The widely used 

techniques such as QSAR and Pharmacophore modeling take into account the 

chemistry, shape, and interaction points to estimate the similarity. Pharmacophore 

modeling analyses the functional part of the standard ligand molecule and assesses 

in the creation of a ligand molecule database. However, QSAR requires a large extent 

of standard molecules and their activity data. 

1.4. Docking 

Docking is a computational method to predict the preferred orientation of a molecule 

when bound to another molecule. Specially designed computer software (such as 
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Maestro, AutoDock etc.) are employed for docking and analyzing the various 

interactions within a complex. Knowledge about their interaction could unveil the 

biological activity of one molecule with respect to the other. For an effective drug 

molecule, the interactions could reveal the strength of its association with the 

residues of the active site. The procedures of docking can be performed much before 

any (wet) experiments with a benefit of saving resources and time eventually. 

Therefore, Docking is a crucial method of drug design and computational biology.  

1.4.1. Theories behind molecular docking 

The process of molecular docking has concepts of two sets of theories; Lock and key 

and Induced fit. According to the Lock and key theory, both the target and the ligand 

molecule are assumed to be rigid. The ligand molecule can only show the best fit if it 

has the preferred conformation as needed by the active site. However, in practice, the 

phenomenon of docking resembles more like the hand-in-a-glove. According to this 

concept, both the target and the ligand molecules are assumed to be flexible. In fact, 

both the molecules undergo certain degrees of change in their conformation to 

achieve a preferred orientation for binding. This theory is often referred to as the 

theory of induced fit. 

The software of molecular docking provide a molecular modeling environment to 

simulate the process of docking. They also identify the optimized conformations of 

each ligand molecules and the target molecule required during the complex 

formation. The aim of the whole process is to minimize the free energy of the system 

and obtain an optimized protein-ligand complex with utmost stability. 

1.4.2. Types of docking 

Molecular docking broadly has two main types of docking; rigid ligand docking and 

flexible ligand docking. In both the docking types the target molecule is usually kept 

rigid so that the docking of the ligand molecule can be assessed. In rigid docking, the 

ligand molecule does not undergo any significant change in its conformation during 

the process. However, flexible docking enables the ligand molecule to exhibit 
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changes in bond angles, bond length and torsion angles at certain stages of 

simulation. Changes in conformation prolong the simulation time in flexible docking. 

1.4.3.  Mechanics of docking 

In docking, the flexibility of a ligand molecule is determined by the number of rotatable 

bonds available. The flexibility of molecule enables it to change conformation and 

attain the best fit. However, higher the flexibility longer will be the simulation time. 

The conformational changes bring up optimized ligand molecule with expected 

potency of drug action. Docking involves sets of algorithm to search and find the 

optimized ligand conformations. Furthermore, the process involves mathematical 

methods which provide each conformation with a score with respect to their 

interactions. Therefore, a docking program includes four main components to ensure 

accuracy, reliability, and reproducibility of the result. They are Search algorithm, 

Ligand flexibility, Receptor flexibility and scoring function. 

1.4.3.1.  Search algorithm 

The process of molecular docking produces optimized ligand molecules with 

conformation of best fit in 3D space. However, in practice, exploring the entire space 

for the molecules is impossible. Therefore, the search algorithm program helps in 

identifying the ligand molecules in the space. It enumerates almost every possible 

distortion undergone by the ligand molecule and further calculates the energy needed 

for the complex formation in terms of Snapshots. Each Snapshot represents a pose 

defining kind and distance of interaction between the ligand molecule and target 

residues. 

1.4.3.2.  Ligand flexibility 

Flexibility of a ligand is determined by the number of rotatable bonds. Although ligand 

flexibility is essential for docking yet higher the flexibility of the ligand lower is the 

potency of the molecule as a drug. Therefore, a potent ligand molecule ought to have 

a minimum number of rotatable bonds (atmost 5 allowed rotatable bonds) within 

certain defined range favorable to docking. 
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1.4.3.3.  Receptor flexibility 

The flexibility of a receptor is determined by the number of rotamers. Rotamers are 

low energy isomers with conformations due to restricted rotation around the rotatable 

bonds (usually single bond). Higher the number of rotamers lower is the stability of 

the receptor molecule. 

1.4.3.4.  Scoring function 

Scoring function uses mathematical methods to estimate the binding affinity between 

a ligand and the receptor molecule. Docking involves non covalent interactions 

between the receptor and ligand. However, some ligands bound to the receptor 

weakly in comparison to the other molecules. The purpose of scoring function is to 

evaluate the docked ligands and estimate their binding affinity. Theoretically, binding 

affinity is defined as the ratio of the rate at which the complex associates to that of the 

rate at which it dissociates. Based on the estimations the program ranks the 

molecules and subsequently defines the extent of their interaction. There are three 

groups of scoring function in case of the docking algorithms (table 2); 

a) Force field 

b) Empirical 

c) Knowledge-based 

Table 2. Classes of Scoring function along with their descriptive features and 

example. 

Scoring function Feature Example 

Force field  Binding affinity is estimated by 

evaluating the Intramolecular 

interactions, that is, van der 

waals force and electrostatic 

force. 

 Intramolecular energy and 

desolvation energy of the ligand 

Autodock, G-

score, D-score. 
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are also evaluated. 

Empirical  Binding affinity is estimated 

either by evaluating the number 

of different interactions or by 

assessing the solvent 

accessible surface area before 

and after the complex formation. 

 The interactions and entities 

mainly assessed by this 

program are hydrophobic, 

hydrophilic and hydrogen bonds 

along with rotatable bonds.  

ChemScore, F-

Score, X-Score 

and Fresno. 

 

Knowledge-based  Certain atoms or entities occur 

more frequently compared to the 

others in random. Such atoms 

or entities have higher binding 

affinity in terms of energy. 

 Intermolecular interactions are 

evaluated statistically and the 

binding poses are identified. 

PMF, DrugScore, 

and SMoG. 

 

  

1.5. Drug-Receptor Interaction 

The Ligand or Drug molecules interact with the receptor making reversible or 

irreversible bonds. Covalent bonds are irreversible bonds due to their utmost stability 

and high bond enthalpy. On the other hand the non–covalent bonds are weak and 

reversible. Docking studies are mostly based on drugs with non–covalent interaction 

for a short term termination of receptor activity. However, covalent interactions are 

studied rarely in concerned with drug–receptor interactions (e.g. poison molecules.). 

Non–covalent interactions can further be classified as; 
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 Van der waals Interactions 

 Electrostatic Interactions 

 Dipole Interactions 

 Hydrogen Bonds (hydrophilic interactions) 

 Hydrophobic interactions 

 π-π stacking 

 

1.6. Limitations with current docking methodologies 

 Higher the number of rotatable bonds, higher will be the flexibility of the ligand 

and lower will be the stability. 

 Higher numbers of rotatable bonds increases entropic effect. Consequently, 

formation of Intramolecular bonds reduces the stability of the ligand. 

 Higher the flexibility of receptor lower is the stability and hence the ability to 

make best fit with ligand molecule.  

 Docking occurs in a space devoid of water molecules and ions while the 

human body has a fluid based internal environment. 

 Larger the size of ligand lower is the specificity to bind to the active site of the 

receptor molecule. 

 Pharmacokinetic effects, allosteric effects, biomolecule-biomolecule 

interactions cannot be understood using docking. 

 

1.7. Applications of docking 

 Identification of Hit 

 Optimization of Lead 

 Identification of the binding site 

 Protein–Protein or Protein–nucleic acid interaction 

 Structure–function relationship studies 

 Bio–remediation 

1.8. Anti-diabetic drugs in the market 
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Although plenty of drugs are available for diabetes yet very few have the potential to 

reduce the adverse effects of T2DM with fewer side effects. Antidiabetic drugs such 

as biguanides, insulin or insulin analogues, thiazolidinedione, sulfonylureas, incretin 

mimetics, α-glucosidase inhibitors, DPP-4 inhibitors and Meglitinides are available 

with different brand names in the market. Metformin (biguanide) is an orally 

administered antihyperglycaemic agent which reduces the fasting blood glucose level 

by lowering gluconeogenesis and enhancing cellular insulin sensitivity. Phenformin 

and Buformin were other biguanides which were withdrawn from the market as they 

increased the risk of lactic acidosis and cardiac mortality (Foretz et al., 2014). 

However, Metformin with very few cases of adverse side effects is currently the first 

line of treatment for T2DM (Foretz et al., 2014). Thiazolidinedione (TZD) is a class of 

drugs that binds to certain receptors of adipocytes and promotes adipogenesis. 

Consequently, the circulating fatty acids concentration and availability of lipids 

decreases (prevents hyperlipidemia) and insulin sensitivity improves with advent of 

time. Rosiglitazone and Pioglitazone are the TZDs available in the market (Soccio et 

al., 2014). Troglitazone was another TZD removed from the market in 2000 for 

increasing the risk of liver failure among the patients (Kohlroser et al., 2000; Soccio et 

al., 2014). Sulfonylureas drugs are insulin secretagogues which follow a mechanism 

to increase plasma insulin level by blocking the inflow of K+ into the β cells. As a 

result, insulin secretory cells get depolarized promoting the influx of Ca2+ into the 

cytosol. The rise in the cytosolic Ca2+ concentration causes actomyosin contraction 

and hence exocytosis of insulin (Sola et al., 2015). Carbutamide was the first 

sulfonylurea to be introduced into the market, which was later withdrawn due to its 

bone marrow related adverse effects (Sola et al., 2015). The first generation drugs 

(tolbutamide, chlorpropamide, acetohexamide and tolazamide) are recommended 

rarely at present while the second generation drugs (glyburide, glipizide, gliclazide) 

are often prescribed in combination with Metformin and Insulin (Basit et al., 2012; 

Thulé and Umpierrez, 2014). Glimepiride is the most recently developed second 

generation sulfonylurea (Basit et al., 2012; Thulé and Umpierrez, 2014). Meglitinides 

are the other insulin secretagogues available in the market (Repaglinide and 

Nateglinide). Their mechanism of action resembles that of the sulfonylureas although 



14 
 

their binding site is different on the “sulfonylurea receptor” of the pancreatic β cell 

(Luna and Feinglos, 2001). Incretins are peptide gut hormones which increases the 

secretion of Insulin in response to ingestion of glucose containing meal (Incretin 

effect) (Hansen et al., 2010; Holst, 2007). However, T2DM patients show a reduction 

in the level of Incretin secretion (due to DPP-4 mediated enzymatic degradation of 

Incretins), contributing towards hyperglycaemia (Deacon et al., 1995; Hansen et al., 

2010). Therefore, Incretin mimetics are certain analogues which tend to re-establish 

the incretin effect and subsequently recovering normoglycaemic state (Hansen et al., 

2010). Exenatide, Liraglutide, Albiglutide, Dulaglutide and Lixisenatide are the well 

known GLP-1 agonists (or incretin mimetics) available at present (Hansen et al., 

2010; Trujillo et al., 2015). DPP-4 inhibitors, such as sitagliptin, prevent the enzymatic 

degradation of the incretin hormones and prevent hyperglycaemia (Pathak and 

Bridgeman, 2010). These drugs, however, often come up with side effects such as 

diarrhea, hypoglycemia, weight gain, edema, nausea, vomiting etc. Although 

combinations of multiple agents have shown positive outcomes yet their mechanisms 

involve lots of side effects. Therefore, it is essential to develop therapeutic agents 

with unique mechanisms and characteristics showing reduced side effects. 

The above mentioned drugs are being summarized and described in table 3 along 

with their respective side effects. 

Table 3. Anti-diabetic drugs and their side effects 

Drug types Available drugs Side effects References 

Biguanides Metformin Long term use can cause 

Lactic acidosis, stomach 

pain, nausea, weight loss 

etc. 

(Foretz et al., 

2014) 
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Insulin and its 

analogues 

Peptides with different 

brand names, such as 

Humalog, NovoRapid, 

Lantus etc. 

Weight gain is usually 

common. However, Skin 

reactions are also 

observed in some. 

Improper dose might 

cause low or high blood 

sugar. 

(Drugs.com, 

2018) 

Thiazolidinedione 

(Glitazones) 

Rosiglitazone,  

Pioglitazone 

Increased risk of bone 

fracture and myocardial 

infarction, weight gain, 

dark – colored urine, upset 

stomach etc. 

(Rizos et al., 

2009) 

Sulfonylureas 1st Generation:  

Carbutamide,  

Acetohexamide,  

Tolbutamide, 

Chlorpropamide, 

 Tolazamide. 

  

2nd Generation:  

Glipizide,  

Glibenclamide,  

Gliclazide,  

Glyclopyramide,  

Glibornuride,  

Glyburide  

  

3rd Generation: 

Glimepiride 

Weight gain and allergic 

reactions are usually 

observed. Excessive 

dosage might lead to 

hypoglycemia. 

(Sola et al., 

2015) 
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Incretin mimetics 

(GLP-1) 

Exenatide,  

Liraglutide,  

Albiglutide,  

Dulaglutide, 

Lixisenatide 

Diarrhea, Constipation, 

Nausea, Vomiting, 

Indigestion etc. 

(Hansen et al., 

2010) 

α-glucosidase 

inhibitors 

Acarbose, 

Miglitol, 

Voglibose 

Abdominal bloating, 

flatulence, diarrhea and 

other gastrointestinal 

adverse effects. 

(Ghosh and 

Collier, 2012) 

DPP-4 inhibitors sitagliptin,  

vildagliptin,  

saxagliptin,  

linagliptin,  

alogliptin 

respiratory tract infection, 

 nasopharyngitis, urinary 

tract infection, and 

headache. 

(Pathak and 

Bridgeman, 

2010) 

Meglitinides repaglinide,  

nateglinide 

 

In some patients weight 

gain is reported. Back 

pain, GI side effects and 

upper respiratory 

infections are also 

observed in other patients. 

(Ryder et al., 

2010) 

SGLT2 inhibitors dapagliflozin, 

canagliflozin, 

empagliflozin, 

ertugliflozin 

Urinary tract infection in 

some females and weight 

loss in most of the 

individuals. 

(Madaan et al., 

2016) 

 

The anti-diabetic drugs listed above have proven their immense efficacy in lowering 

the incidence of T2DM to certain extent. However, the reported rapid growth in T2DM 
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prevalence clearly indicates the necessity of more efficient drugs. So far SGLT2 

inhibitors are the current drug therapeutics available with less reported side effects 

among T2DM patients. In this context I have focused on designing new potent SGLT2 

inhibitors taking the structural insights of the protein and binding conformations into 

consideration. 
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The objectives of the study are as follows: 

• Selection of SGLT2 protein with good resolution 

• Designing a library of compounds using interactive enumeration in 

Schrodinger.  

• Virtual screening of designed library (database) of compounds as SGLT2 

inhibitors.  
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2.1 Sodium glucose co-transporters (SGLTs) 

SGLTs are membrane transport proteins mostly associated with transportation of 

glucose molecules. The solute carrier family is one of the largest families of 

membrane transporters with about 400 members distributed among 65 sub-families 

(Hediger et al., 2004; Perland and Fredriksson, 2017). There are 12 members in 

solute carrier family 5 (SLC5) responsible for Na+ coupled co-transportation of 

sugars, myo-inositol, iodide, short-chain fatty acids, and choline (Wright et al., 2011). 

Among these six members are named as sodium glucose co-transporters and were 

reported to show varied preferences for glucose binding (table 4). However, only two 

members of SGLTs namely SGLT1 and SGLT2 are extensively studied (Gallo et al., 

2015). The association of SGLT2 and type 2 diabetes mellitus has recently been 

established. At present, SGLT2 inhibitors have evolved as promising therapeutics for 

the treatment of T2DM. 

Table 4. Tabular representation of the SGLTs along with their discriminatory 

characteristics. 

Protein 

(Gene) 

Chromosomal 

location 

Organ of 

expression 

Natural 

Substrate 

Biological role 

SGLT1 

(SLC5A1) 

22q12.3 Mostly in Small 

intestine, but 

also in kidney 

and heart 

Glucose and 

Glucose 

Absorption of 

dietary glucose and 

glucose 

SGLT2 

(SLC5A2) 

16p11.2 Mostly in kidney Glucose Reabsorption of 

renal glucose 

SGLT3 

(SLC5A4) 

22q12.3 Mostly in small 

intestine 

Gets activated 

by imino 

sugars 

Functions as a 

glucose sensor. 

Also mediates 

cellular influx of 

Na+ 



23 
 

SGLT4 

(SLC5A9) 

1p33 Mostly in small 

intestine 

Mannose, 

glucose and 

fructose 

Absorption of 

mannose, glucose 

and fructose 

SGLT5 

(SLC5A10) 

17p11.2 Mostly in kidney 

and retina 

Mannose, 

fructose, 

glucose and 

glucose 

Mostly reabsorb 

mannose and 

fructose and show 

lesser affinity for 

glucose and 

glucose 

SGLT6 

(SLC5A11) 

16p12.1 Small intestine, 

brain and kidney 

Myo-inositol 

and D-chiro-

inositol 

Mostly involved in 

sodium dependent 

co-transportation of 

myo-inositol and D-

chiro-inositol 

 

SGLT1 mostly contributes to the intestinal absorption of dietary glucose and glucose. 

However, it also plays role in renal reabsorption of glucose. SGLT2 is exclusively 

expressed in the renal tubule and regulates renal reabsorption of glucose. It has 

recently evolved as a drug target for regulating plasma glucose levels in type 2 

diabetes mellitus. On the other hand, human SGLT3 is a glucose sensor without any 

role in co–transportation of glucose. It is highly expressed in the enteric nervous 

system and muscles with a high affinity for imino sugars. SGLT4 and SGLT5, 

however, were reported to exhibit lower affinity towards glucose and higher affinity for 

mannose transportation. Moreover, SGLT6 has been reported to prefer D-chiro-

inositol as its substrate for transportation (Gallo et al., 2015). 

2.2 Sodium glucose co-transporters (SGLTs) and their association with type 2 

diabetes mellitus (T2DM) 

In the recent past kidney has been identified as an essential organ to improve 

glycemic control in T2DM patients. Researchers began studying the renal 

reabsorbtion of glucose in association with T2DM. It is a homeostatic process of 
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retaining calories and maintaining a sustained elevated plasma glucose level. 

However, inhibiting glucose reabsorbtion and promoting glycosuria is thought to be a 

potential approach towards T2DM prevention. Glucose excretion coupled with 

reabsorbtion blockade can prevent hyperglycemia and thereby T2DM. Under normal 

conditions, about 180g of plasma glucose gets filtered and reabsorbed completely in 

the proximal convoluted tubule (PCT) of nephron (Chao and Henry, 2010). This 

reabsorbtion is facilitated by certain carrier proteins; sodium glucose co-transporters 

(SGLTs) (Chao and Henry, 2010; Zou et al., 2017). Therefore, a pharmacological 

blockade of SGLT has evolved as a potential therapeutic means for treating T2DM 

patients (Zou et al., 2017). 

SGLT2 and SGLT1 are the two well known isoforms responsible for active 

transportation of glucose coupled with sodium ion (Harada and Inagaki, 2012). The 

reabsorbed glucose molecules pass through the intracellular space and reach the 

bloodstream via glucose transporter GLUT2 (also called SLC2A2) (Figure 1). Studies 

have shown elevated expression of SGLT2 and GLUT2 in the isolated PCT cells of 

T2DM patients (Bautista et al., 2004; de Leeuw and de Boer, 2016; Rahmoune et al., 

2005). 

 

Figure 1. The figure represents the mechanism of action of SGLT2. Renal 

glucose is uptaken by the epithelial cells of Proximal Convoluted Tubule (PCT) 
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coupled with sodium ion against the concentration gradient (active glucose 

transportation). The sodium ion is, further, expelled into blood stream through 

ATP sensitive sodium–potassium transport channel with a simultaneous inflow 

of potassium ion. In a similar manner the reabsorbed glucose is also released 

into the blood stream by means of GLUT2 (facilitative glucose transportation). 

About 90% of the glucose reabsorbtion is attributed to SGLT2 (Chao and Henry, 

2010). However, the SGLT transport system has its own maximum transportation 

capacity known as transport maximum (Tmax). The filtered load get excreted out along 

with urine when exceeds the threshold value; transport maximum (Tmax) due to 

saturation of SGLTs. Therefore, an SGLT2 inhibitor can act as a potential drug for 

T2DM by lowering the Tmax of the nephron and promoting glycosuria (Chao and 

Henry, 2010). Furthermore, SGLT2 inhibitors were expected to cause no renal 

adverse effects as individuals with familial renal glycosuria remained normal even 

after loss of glucose at the rate of 50g per day. Following this, in the recent past, 

several SGLT2 inhibitors have been developed (Chao and Henry, 2010). However, 

the unexpected renal side effects were yet reported among certain patients.   

SGLT1 is situated at the distal end of PCT and accounts for only about 10% glucose 

reabsorbtion (Figure 2). However, SGLT2 situated at the proximal end of PCT 

accounts for about 90% of the reabsorbtion (Chao and Henry, 2010). Therefore, 

SGLT2 is considered to be a transport protein with high capacity yet low affinity for 

glucose (Chao and Henry, 2010) (table 5). This review primarily focuses on the 

essential role played by SGLT2 in controlling T2DM. 
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Figure 2. The figure shows the structure of a nephron and the location of the 

transporter protein involved in glucose reabsorbtion (SGLT1 and SGLT2). 

Structurally a nephron has three major regions ranging from the Malphigian 

corpuscle to the Collecting duct. Among those three regions both the SGLT 

proteins are found in Proximal Convoluted Tubule (PCT). SGLT2 is expressed 

in the earlier segments of PCT (S1 segments) whereas SGLT1 remains 

expressed in the later segments of PCT (S2/S3 segments).  

SGLT2 is encoded by the SLC5A2 gene (Solute carrier family 5, member 2) located 

on p11.2 region of human chromosome 16. The gene contains 14 separate exons 

(~8kb) encoding a protein with 672 amino acids and remains associated with several 

rare mutations (Magen et al., 2005). Missense, Non-sense and Frameshift mutations 

often cause functional impairments in the SGLT2 protein and consequently lead to 

familial renal glycosuria (FRG). FRG is an autosomal recessive disorder and is 

restricted to certain families or populations. Most of the FRG causing mutations are 

private in nature (Zimdahl et al., 2017). However, these mutations hold beneficial 

effects for certain other disorders. Loss of excess calories through urinary excretion 

reduces the risk of diabetes and overweight. Therefore, these mutations are likely to 

be infrequent among the diabetic patients. Mutation in the SGLT1 encoding SLC5A1 
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gene (22q12.3) is mostly associated with glucose–glucose malabsorption syndromes. 

Furthermore, several SNPs have been discovered in the non coding regions of 

SLC5A2 gene with no influence on the functional integrity of the encoded protein. 

Henceforth, no significant established impact of the SGLT2 polymorphic markers has 

been observed upon type 2 diabetes mellitus. However, nominal association of 

rs9934336 and rs3116150 has been observed with plasma glucose concentration. 

Studies have also shown elevated expression of SGLT2 and GLUT2 in the isolated 

PCT cells of T2DM patients (Bautista et al., 2004; de Leeuw and de Boer, 2016; 

Rahmoune et al., 2005). Renal cells of T2DM patients showed significantly higher 

expression of SGLT2 compared to the non–diabetic individuals in a hyperglycemic 

medium (López et al., 2010). Therefore, pharmacological blockade of SGLT2 has 

recently evolved as an apparent therapeutic means for treating T2DM patients 

(Zimdahl et al., 2017). 

Table 5. A comparison between SGLT1 and SGLT2 based on certain 

discriminatory characteristics. 

 SGLT1 (SLC5A1) SGLT2 (SLC5A2) 

Sites of 

expression 

Usually in small intestine, but 

also found in kidney and heart. 

Found in kidney with almost 

exclusivity. 

Location in 

renal tubule 

Later segment of Proximal 

Convoluted Tubule (S2/S3 

segment) 

Early segment of Proximal 

Convoluted Tubule  (S1 

segment) 

Affinity towards 

glucose 

High affinity with Km = 0.4 mM Low affinity with Km = 2 mM 

Glucose 

transportation 

potential 

Low capacity High capacity 

Renal glucose 

reabsorbtion 

percentage  

About 10% About 90% 
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Chromosomal 

location 

22q12.3 16p11.2 

Gene size 69,998 bp 8,326 bp 

Protein size 664 amino acids  672 amino acids  

Molecular 

weight of 

protein 

73498 Da  

 

72897 Da  

 

 

2.3 SGLT2 inhibitors 

2.3.1 Phlorizin 

For the very first time Phlorizin was isolated in 1835 from the root bark of apple tree. It 

had proven to be a potent but non selective inhibitor of both SGLT1 and SGLT2. 

Phlorizin was the first drug used in multiple studies to establish the relation between 

hyperglycemia and T2DM. Use of Phlorizin in controlled and diabetic 

(pancreactomised) rats demonstrated the affect of glucotoxicity on insulin sensitivity. 

However, the drug failed to be approved as a potent inhibitor due to low bio-

availability and poor intestinal absorption (Chao and Henry, 2010). Structurally 

phlorizin has O-glucosidic linkage that makes it vulnerable to β-glucosidase mediated 

degradation, thus, reducing the bio-availability. Moreover, the drug gets metabolized 

into phloretin that inhibits GLUT1 and reduces intestinal absorption of glucose. 

Phlorizin also non - selectively inhibits intestinal SGLT1 and causes gastro–intestinal 

side effects (Chao and Henry, 2010). Therefore, significant structural modifications 

were done on both glyconic and aglyconic moieties to design selective inhibitors for 

SGLT2. T-1095 was the first selective SGLT2 inhibitor designed after exploring the 

structure–activity relationship (SAR) of phlorizin (Cai et al., 2015). Substitution of 

phenol rings with other compounds enhanced the selectivity of the inhibitors along 

with their half life (Abdul-Ghani et al., 2015). 
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2.3.2 Remogliflozin 

Remogliflozin is a glucoside-based benzylpyrazole compound with selective SGLT2 

inhibitory nature. It is proposed in the form of a prodrug named remogliflozin 

etabonate which metabolizes into active remogliflozin inside the body. The drug had 

shown significant reduction of fasting blood glucose level and glycated hemoglobin 

(HbA1c) in certain studies. However, the bio-availability of remogliflozin is very low, 

probably due to the presence of O–glucosidic linkage, which has rendered the drug 

currently under development (Madaan et al., 2016).   

2.3.3 Sergliflozin 

Sergliflozin is a glucoside–based benzyl phenol compound with selective SGLT2 

inhibitory nature (Katsuno et al., 2007). However, it remained as an investigational 

drug with no further development after phase II clinical trial. In most of the studies, 

sergliflozin showed sustained suppression of glucose reabsorbtion in nephron and 

also displayed reduced body weight during the study period. It is also proposed with 

an attached methyl carbonate group (etabonate) which later dissociates to release 

the active compound inside the body (Katsuno et al., 2007).   

Although the above mentioned drugs were discontinued due to their unfavorable 

efficacy and nature of side effects yet many efficient drugs have recently been 

introduced into the market. Drugs such as Dapagliflozin, Canagliflozin, Ertugliflozin 

and Empagliflozin are agents currently approved by the FDA. Other SGLT2 inhibitors 

in the drug classes Ipragliflozin, Tofogliflozin and Luseogliflozin are approved in 

Japan.  

2.3.4 Dapagliflozin 

Dapagliflozin was the first SGLT2 inhibitor approved by the European Union on 

November 12, 2012 in the world. However, concerns over the associated side effects 

such as liver damage, urinary bladder cancer lead to its short term withdrawal. The 

resolved drug was approved by the US FDA and re-introduced into the market under 

the brand name ‘Farxiga’ on January 8, 2014 (Madaan et al., 2016).  AstraZeneca 
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Pharma India Ltd and Sun Pharmaceutical Industries Limited have recently joined 

hands with the agreement to distribute Dapagliflozin drugs into the Indian market at 

affordable price (Bureau, 2016). The drug is usually recommended with a primary 

dose of 5 mg which can further be increased to 10 mg. Dapagliflozin has also been 

approved by the FDA to be used in combination with biguanides as anti-diabetic 

agent. Dapagliflozin is metabolized by UGT1A9 encoded protein into dapagliflozin 3-

O-glucuronide in the liver and kidneys. Cytochrome P450 (CYP) mediated 

metabolism also contributes to a minor extent in humans. Dapagliflozin has shown 

increased urinary glucose excretion, weight loss among diabetic patients. Clinical 

trials are currently under progress to check the efficacy of the drug in cardiovascular 

diseases. However, Dapagliflozin tends to cause adverse affects by decreasing the 

glomerular filtration rate (GFR) among patients suffering from renal impairment.   

2.3.5 Canagliflozin 

Canagliflozin received its approval from US FDA on March 29, 2013. It was the first 

SGLT2 inhibitor introduced in USA and Canada. Janssen (a division of Johnson and 

Johnson) introduced the drug under the brand name ‘Invokana’. The drug is 

metabolized into inactive O-glucoronides in the liver mainly by the enzymes UGT1A9 

and UGT2B4 (Madaan et al., 2016). However, CYP3A4 mediated metabolism also 

contributse to a certain extent; about 7% in humans. The drug is available in two 

different doses of 100 mg as well as 300 mg and needed to be taken orally once daily 

by the patients. Among these 100 mg is the recommended dose to begin with which 

can further be increased up to 300 mg. Administration of canagliflozin have shown 

successful results in the T2DM patients (Madaan et al., 2016). The outcomes were 

also supportive for the patients with moderate hepatic and renal impairment. Current 

studies are yet in progress to assess the efficacy of Canagliflozin with cardiovascular 

diseases in T2DM patients. However, contraindications were observed for the 

patients with severe renal dysfunction. 
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2.3.6 Empagliflozin 

Empagliflozin was developed by the Boehringer Ingelheim and Eli Lily & Company. 

After being approved by the US FDA in August, 2014 the drug is marketed under the 

brand name ‘Jardiance’. Recently, Lupin Limited and Boehringer Ingelheim have 

joined hands to co-market Empagliflozin so as to tackle the increased prevalence of 

T2DM. In vitro studies have indicated that UGT2B7, UGT1A3, UGT1A8, and UGT1A9 

play chief role in glucuronidation of the drug (Madaan et al., 2016). Empagliflozin has 

a starting recommended dose of 10 mg which can further be increased up to 25 mg. 

Similar to Canagliflozin, Empagliflozin has also shown positive indications in T2DM 

patients. Although contraindicated to T2DM patients in conjunction with severe renal 

dysfunction, this drug have shown indications to reduce cardiovascular events. 

Ertugliflozin is a recently approved SGLT2i which is available in the market. 

Structurally it contains C-glucoside linkage with an additional cyclic ether ring and 

aglycone similar to that of dapagliflozin. 

2.3.7 Ipragliflozin 

Ipragliflozin was the first SGLT2 inhibitor to be approved in Japan by 2014. However, 

clinical trials are yet in process to check the safety of the drug before approving 

globally. It is available under the brand name ‘Suglat’ in Japan (Madaan et al., 2016). 

With recommended dose of 50 mg and 100 mg, Ipragliflozin had shown improved 

glycemic control in T2DM patients with mild renal impairment. However, 

contraindications were observed for those with severe renal dysfunction. The drug 

metabolism occurs through glucuronidation as in the other drugs of the class. Studies 

have shown indications for the drug to alleviate glycemic control in T1DM patients 

(Madaan et al., 2016). 

2.3.8 Tofogliflozin 

Tofogliflozin is another SGLT2 inhibitor approved globally by Japan FDA in March 

2014. It is marketed under the brand name ‘Deberza’ in the markets of Japan, US and 

European Union with 20 mg oral drug dose. Although a brief study on its efficacy is 
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yet in progress, the treatment results are expected to deplete with increase in renal 

impairment (Madaan et al., 2016). However, a study on diabetic mice has 

demonstrated alleviation in renal and pancreatic function (Nagata et al., 2013). 

2.3.9 Luseogliflozin 

Luseogliflozin was approved by Japan FDA in March 2014. It is marketed by Taisho 

pharmaceuticals and Novartis under the brand name ‘Lusefi’ with recommended oral 

doses of 2.5 mg and 5.0 mg. Although the efficacy of the drug falls with increasing 

renal impairment yet studies have shown the effect of renal dysfunction, over drug 

action, only on post prandial glucose level. However, the fasting glucose level in the 

same population remained unaffected (Madaan et al., 2016). 

Table 6. A structural comparison between SGLT2 inhibitors with O-linkage and 

C-linkage. 

SGLT2 inhibitors with O–

aryl glucosidic linkage 

(discontinued drugs or 

currently under 

development) 

SGLT2 inhibitors with C–

aryl glucosidic linkage 

(available in the market) 

SGLT2 inhibitors with 

C–aryl glucosidic 

linkage (approved 

mostly in Japan) 

 

 

 

phlorizin (discontinued) 

 

 

 

          dapagliflozin 

 

            ipragliflozin 
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      T – 1095 (discontinued) 

 

 

 

         canagliflozin 

 

 

 

           tofogliflozin 

 

 

 

sergliflozin (discontinued) 

 

 

 

 

empagliflozin 

 

 

        

         luseogliflozin 

     

 

 

 

remogliflozin (under 

development) 

 

 

      

 

               ertugliflozin 
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sotagliflozin (under 

development) 
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3.1 Procurement of 3D structure of protein 

The 3D structure of SGLT2 was obtained from Protein Data Bank (www.rcsb.org) with 

PDB code 3DH4. Although protein structures can easily be obtained from PDB yet the 

criteria to select a reliable 3D protein structure depends upon the resolution of protein 

and protein-ligand interactions.  

                                                                       

Figure 3. The 3D structure of a single subunit of SGLT2 (obtained from RCSB 

PDB with PDB ID – 3DH4) with the co crystallized glucose. 

The procured SGLT2 protein (PDB code – 3DH4) showed a tetrameric structure with 

three ligand molecules; Erbium ion, sodium ion and β–D–glucose along with a unique 

L–peptide linking. The protein was reported to be isolated from Vibrio 

parahaemolyticus with a resolution of 2.7 Å and each ligand molecules located far 

apart preventing any untoward interaction. Structurally the protein is a 

transmembrane protein with 14 membrane–spanning helices with both the amino and 

carboxyl termini facing the periplasm. Among the 14 helices, 10 helices are known to 

form the structural core of the protein and show inverted topology in accordance with 

the plane of the membrane. The glucose molecule, however, remains bound to the 

centre of protein core establishing unique interactions with certain hydrophobic 

residues (Faham et al., 2008) (Figure 4). Moreover, the protein structure with the 

https://www.dropbox.com/referrer_cleansing_redirect?hmac=zAUIb5qRPfM%2FV5LEe3XH0353DZrpZpn%2Fa1E8WMDiieo%3D&url=http%3A%2F%2Fwww.rcsb.org
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above mentioned PDB ID is the only crystallized structure available for SGLT2 

protein. 

Binding sites were identified on the basis of the associated co-crystallized ligand 

(glucose) using Schrodinger molecular modeling environment (Maestro). 

3.2 Structure Drawing and database generation of ligand molecules 

The structures of all ligand molecules were created using Maestro interactive 

enumeration. Maestro v11.3 (2017-4) was used to create an entire database of 

ligands taking empagliflozin as the standard reference molecule. A fragment library 

with a total of 45 fragments was created prior to ligand preparation on the basis of 

available literature. Ligand preparation wizard was employed to prepare the standard 

empagliflozin molecule for enumeration. The attachment bonds for enumeration were 

selected (Figure 4) and then enumerated with all the fragments (table 7). The 

conformations of the ligand molecules were subsequently optimized by OPLS3 

(Optimized Potential for Liquid Simulations version 3) force field. 

 

Figure 4. Structure of empagliflozin (the standard molecule). The coloured 

(highlighted) regions indicate the positions where the fragments are 

enumerated. The process of enumeration appends the fragments randomly one 
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after another to the pre-defined positions and generates the ligands. Moreover, 

the stable conformations of the enumerated ligand molecules are obtained 

using OPLS3 force field. 

As a result of the interactive enumeration a total of 3250 ligand molecules were 

produced. The ligands were then docked on the prepared protein using Maestro 

v11.3 (2017-4). 
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Table 7. A tabular representation of the fragments constructed for ligand 

database generation using Maestro v11.3 (2017-4). 

 

 

3.3 Protein preparation 

Protein structures obtained from PDB often bear heavy atoms, water molecules, co-

factors, metal ions and multimeric structures. Moreover, they do not show any 
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information on bond orders, formal atomic charges or topologies. X–ray structure 

analysis often fails to distinguish between O and NH2 conferring structures with 

misaligned terminal amide groups. Furthermore, ionization and tautomeric states also 

remain unassigned in general. Therefore, the protein structures are converted to 

certain suitable forms prior to docking using force fields. The Glide (Grid based ligand 

docking with energetics) module of Maestro v11.3 requires well assigned bond orders 

and ionization states and performs better in the presence of re-oriented side chains 

and reduced steric clashes. Maestro v11.3 (2017-4) is installed with protein 

preparation wizard to get rid of water molecules, peptide substrates and re-establish 

the bond orders and other topologies. The protein preparation wizard has three 

essential components; Import and process, Review and modify and Refine. OPLS3 

force field was employed for energy minimization. 

3.4 Receptor Grid Generation 

Receptor Grid Generation is an essential method of Glide that requires a prepared 

protein structure with appropriate bond orders and formal charges. Ligand-receptor 

interactions normally take place at certain specific binding sites. Presence of any co-

crystallized ligand aids in determining the position and size of the active sites. Grid 

generation represents the shape and properties of the receptor and subsequently 

defines the active site for the ligand-receptor interaction. 

3.5 Docking 

The process of molecular docking for all the ligand molecules generated was done 

using Maestro v11.3 (2017-4). The co-crystallized ligand glucose was split from the 

procured protein and docked for analyzing the interactions. The receptor grid file 

generated defines the active site for ligand docking. 

The Glide module of Maestro follows a stringent hierarchical protocol to dock the 

various ligand poses and accordingly rank them based on their scores. The Glide 

docking hierarchy mainly consists of the four essential stages (Figure 5). In the first 

stage, the module searches and selects the “site points” essential for docking. The 

equally spaced 2 Å receptor grid identifies the active site and selects all the possible 
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site points. For a given site point, the grid measures the distance from the site point to 

the receptor surface and compares the same with the distance from the ligand center 

(midpoint of the ligand diameter) to the ligand surface. In case of a good match, the 

ligand center is positioned at the site point or the same is skipped if found not enough 

good matches. In the second stage, a “diameter test” is followed so as to select the 

possible orientation of the ligands. For this a ligand diameter is drawn between the 

widely spaced atoms within the ligand structure. Ligand diameter helps in identifying 

the orientations with less steric clashes. Subsequently, “the subset test” comes with a 

subset of ligand atoms capable of making H-bonds or ligand-metal interactions with 

the receptor. In case the subset gives a favorable score with the receptor, the module 

further begins to evaluate all interaction scores with the receptor. The next sub stage 

uses ChemScore empirical scoring function to recognize the favorable hydrophobic, 

H-bonding and ligand-metal interactions along with penalizing the steric clashes. At 

this stage the atoms, irrespective of their position and orientation, prefer to move 

along x, y or z axis for about ±1 Å in order to attain the best possible score. 

Therefore, this stage is also known as “greedy scoring”. Finally the last sub stage of 

stage 2 involves re-scoring the ligand poses with top greedy score using a procedure 

of “refinement”. However, only a small number of top best refined poses are allowed 

to enter into the next stage of energy minimization. Close interatomic contacts often 

results in large potential energy and gradient terms leading to lower stability of the 

molecule. Glide uses OPLS (Optimized Potential for Liquid Simulation) force field to 

reduce the energy and obtain stable molecule with minimum energy. Finally, the 

minimized poses are re-scored using Schrodinger’s proprietary GlideScore (GScore) 

scoring function. 

GScore = (0.05 x vdW) + (0.15 x Coul) + Lipo + Hbond + Metal + Rewards + RotB 

+ Site 

Where, 

vdW = Van der Waals energy 

Coul = Coulomb energy 
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Lipo = Lipophilic term 

Hbond = Hydrogen-bonding term 

Metal = Metal-binding term 

Rewards = Rewards and penalties for various features 

RotB = rotatable bonds penalty  

Site = Polar interactions 

 

Figure 5. The Glide docking hierarchy 

 

However, the precision of docking is determined by three other key components; 

HTVS, SP and XP. HTVS (High Throughput Virtual Screening) mode is used to 

rapidly screen a large number of ligands. Conformational sampling of HTVS is 
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restricted more than that in SP docking. SP (Standard Precision) mode is suitable for 

large number of ligands with unknown quality. SP is the method often recommended 

for molecular docking followed by XP docking of the ligand poses with high score. 

Extra-precision (XP) mode requires considerably more CPU time and hence often 

recommended to dock the top-scoring ligand poses after the completion of SP dock 

run. 
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4.1 Binding site identification 

The binding site of SGLT2 (PDB ID – 3DH4) was identified using the available data 

from RCSB PDB. The protein is made up of four subunits with a sequence length of 

530 amino acids. The ligand glucose molecule is associated with all four subunits and 

acts as an agonist triggering protein function. The binding site of glucose, therefore, 

was identified using Schrodinger Maestro after procuring the 3D structure of protein 

from the database (refer to figure 3). The various amino acid residues which interact 

with ligand glucose are shown in Figure 6. 

                          A)                                                                   

                                          

                     

                        B)  
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                                     C) 

 

 

 

 

 

 

Figure 6. (A) 2D interaction diagram of ligand glucose molecule (obtained using 

Schrodinger Maestro v11.3) representing hydrogen bond interactions with the 

amino acid residues of the binding site. (B) 3D interaction diagram of ligand 

glucose molecule (obtained using PyMOL) representing bond length (in Å) in 

the binding site of SGLT2. C) Tabular representation of the various amino acid 

residues reported to interact with the ligand glucose molecule through 

hydrogen bond. 

 

4.2 Docking study 

Molecular docking was performed using Schrodinger Maestro v11.3. The SGLT2 

(PDB ID – 3DH4) was docked with ligand database of 3250 molecules. Empagliflozin, 

dapagliflozin, ertugliflozin and canagliflozin were also docked as the available 

standard molecules. Co-crystallized ligand glucose was also docked for the validation 

of the docking method. GlideScore was used as the scoring function. Ten binding 

conformations were generated for each ligand molecule. The conformation with 

highest GlideScore was selected as the optimum binding pose (best fit conformation) 

or hit molecule. 

Ligand 
Hydrogen bond 

Interactions 

Glucose 

GLN428, GLN69, 

ASN64, GLU88, 

LYS294, TYR87, 

SER91, TRP264 and 

ASN260 
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The ligand glucose molecule (docking score: -7.787) has shown major interactions 

with Gln 69, Lys 294, Glu 88 and Asn 260 (figure 6A). The interaction data obtained 

from the database validates the aforementioned residues to be among the major 

interacting residues of glucose molecule in the binding site of SGLT2 (figure 6C). 

Moreover, the ligand glucose molecule has shown an RMSD of 0.0293 (which is less 

than 2) validating the reliability of the docking method. 

The interactions of empagliflozin, ertugliflozin and canagliflozin complexed with 

SGLT2 were studied and analyzed. Dapagliflozin, however, failed to interact with the 

binding site of SGLT2 in our study. Canagliflozin (docking score: -12.070) showed the 

highest docking score compared to the other standard molecules, that is, 

empagliflozin (docking score: -9.800) and ertugliflozin (docking score: -8.445). The 

amino acids interactions established by the glucose ring of empagliflozin are Glu 68 

and Ala 63. The aglycones, on the other hand, demonstrated overt interactions with 

Tyr 263 and Lys 294 (Figure 8).  Canagliflozin showed glyconic interactions with Ala 

63, Asn 64 and aglyconic interaction with Tyr 263 in our study (Figure 7). Ertugliflozin 

showed almost similar interactions for the glyconic ring with Asn 64, Ala 63, Ser 66 

and aglycone with Tyr 263 (Figure 9). 
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Figure 7. 2D interaction diagram of canagliflozin (docking score:  -12.070) 

 

                                   

Figure 8. 2D interaction diagram of empagliflozin (docking score: -9.800) 
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 Figure 9. 2D interaction diagram of ertugliflozin (docking score: -8.445) 

 

Virtual screening of the ligand database of 3250 molecules has shown fascinating 

outcomes. Based on the results all the ligand molecules have been classified into set 

A molecules and set B molecules as shown in Table 8 and 9 respectively. The 

molecules in set A have established interactions mostly with Glu 88, Gln 69 and Asn 

260 which are, in particular, among the major binding site residues for ligand glucose. 

Therefore set A molecules have attained binding conformations in a way to negotiate 

with the preferred pose of ligand glucose and bind in its position. On the other hand, 

set B molecules demonstrated different binding conformations with Tyr 263, Ala 63 

and Asn 64 as the major interacting residues. Moreover, set B molecules have shown 

higher docking score than the set A molecules. 
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Table 8. Docking scores and interactions of the set A molecules with best fit 

conformation. 

Ligands 
Docking 

Score 
2D interaction diagram 

Interacting 

amino acid 

residues 

A1 -11.664 

 

GLU88, 

GLN69, 

ASN260, 

ASN142, 

TYR138, 

ALA63 

A2 -11.577 

 

GLU88, 

GLN69, 

ASN260, 

ASN142, 

TYR138, 

ALA63 

A3 -11.124 

 

GLU88, 

GLN69, 

ASN260 
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A4 -10.808 

 

GLU88, 

GLN69, 

ASN260, 

TYR263 

A5 -10.768 

 

GLU88, 

GLN69, 

ASN260, 

GLN428, 

ALA259, 

ALA63 

A6 -10.421 

 

GLU68, 

GLN69, 

ASN260, 

TYR263 

A7 -10.238 

 

TYR87, 

LYS294, 

TRP264, 

ASN260, 

TYR263 
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A8 -10.094 

 

GLN69, 

GLN428, 

ASN260, 

TYR263 

A9 -10.032 

 

GLU88, 

GLN69, 

GLU68, 

ASN260, 

TYR263 

A10 -10.028 

 

GLU88, 

GLN69, 

SER91, 

TYR138 
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Table 9. Docking scores and interactions of the set B hit molecules with best fit 

conformation. 

Ligands 
Docking 

Score 
2D interaction diagram 

Interacting 

amino acid 

residues 

B1 -14.060 

 

GLN428, 

TYR263, 

ALA63, 

SER365 

B2 -13.544 

 

ALA63, 

TYR263, 

ASN64 

B3 -13.514 

 

ALA63, 

TYR263, 

ASN64 



55 
 

B4 -13.431 

 

ALA63, 

TYR263, 

ASN64 

B5 -13.412 

 

ALA63, 

TYR263, 

ASN64 

B6 -13.373 

 

ALA63, 

TYR263, 

ASN64 

B7 -13.318 

 

ALA63, 

TYR263, 

ASN64 
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B8 -13.068 

 

ALA63, 

TYR263, 

TYR138 

B9 -13.063 

 

ALA63, 

TYR263, 

TYR138, 

GLN428 

B10 -12.870 

 

ALA63, 

TYR263, 

ASN64, 

TRP264 
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A)                                                                                  B) 

                         

                                                 

 

                                            C) 

                                                

Figure 10. A) A comparison between the binding patterns of empagliflozin and 

glucose in the binding site of SGLT2. B) A comparison between the binding 

patterns of canagliflozin and glucose in the binding site of SGLT2. C) A 

comparison between the binding patterns of ertugliflozin and glucose in the 

binding site of SGLT2. 
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Figure 11. A1 molecule showing glyconic interaction into the glucose binding 

site of SGLT2. 

                           

Figure 12. B1 molecule showing aglyconic interaction into the glucose binding 

site of SGLT2. 

 

Structurally, all the available gliflozins contain a core glucose ring with unique side 

chains (aglycone). Following their mode of competitive inhibition, the core glucose 

ring was expected to interact with the binding site residues similar to the ligand 

glucose molecule. However, the docking results showed that some molecules interact 
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with the glucose binding site through their glycone ring and some through the 

aglyconic moieties. The interactions of set B molecules (with higher docking score) 

demonstrated the aglyconic mode of interaction into the glucose binding site similar to 

that of the standard gliflozins (Figure 10 and 12). The interactions of the aglyconic 

moieties in the glucose binding site may not be as stable as the glycones. Such 

binding conformations, therefore, might reduce the stability of inhibitor–protein 

complex and further promote renal dysfunction and urinogenital side effects in T2DM 

patients. However, set A molecules (with lower docking score) showed the expected 

glyconic mode of interaction (Figure 11). Such binding conformations, on the other 

hand, can be expected to enhance the complex stability and promote SGLT2 

inhibition with further reduced adverse effects. 

The structural design of the old SGLT2 inhibitors was mostly based on the structure 

of phlorizin. However, the reduced bio-availability of those O-glucosides led to their 

discontinuation. The second stage of SGLT2i began with the introduction of 

dapagliflozin in the market. Structurally, all the available SGLT2 inhibitors along with 

those under development are considered to be derivatives of dapagliflozin. 

Modifications in aglycone and glucose moiety of dapagliflozin are the structural basis 

for designing the SGLT2i (Cai et al., 2015). Although dapagliflozin failed to show any 

docking result in our study, yet the aforementioned sets of molecules are also 

structural derivatives of the same drug. 

Molecular docking has revealed crucial features relevant to drug interactions. 

However, a comparative molecular dynamic analysis of A1 and B1 molecules and 

their organic synthesis can probably justify the above proposed concepts of glyconic 

and aglyconic interaction. 
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