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ABSTRACT OF THE DISSERTATION 

 

Docetaxel (DOX) based combination therapy is a novel therapeutic strategy that 

attracts great interest in breast cancer treatment but its clinical utility got limited due to its 

side effects. In contrast, noscapine (C22H23NO7), benzylisoquinoline alkaloid was 

discovered to bind tubulin, arrest dividing cells at mitosis and selectively induced 

apoptosis to cancer cells without changing the steady state monomer/polymer ratio of 

tubulin. It was also indicated that, unlike many other microtubule inhibitors, noscapinoids 

do not significantly promote or hinder microtubule polymerization; rather, they alter the 

steady-state dynamics of microtubule assembly. This is a unique feature over currently-

available antimicrotubule drugs that either overpolymerize microtubules (taxanes) or 

depolymerize them (vincas) and hence cause various debilitating toxicities such as 

leucocytopenias, diarrhea, alopecia and peripheral neuropathies. In addition, noscapine has 

some other advantage properties as lead molecule: (1) retains activity against paclitaxel-

resistant cell lines (1A9/PTX10, 1A9/PTX22) and epothilone-resistant cell line (1A9/A8); 

(2) a favourable pharmacokinetics (clearance in 6-10 hours); (3) a poor substrate for drug-

pumps (polyglycoprotiens and MDR-related proteins) that comprise a major cause of drug 

resistance; (4) it does not show immunological and neurological toxicities and (5) inhibit 

tumorigenesis in vivo albeit at high concentrations (~ 300 mg/kg body weight). Although 

noscapine is cytotoxic in a variety of different cancer cell lines (NCI 60 cell lines panel), 

the IC50 values remain in the high micromolar ranges (~21.1 to 100 μM).  To enhance its 

activity further, efforts have been focused on developing several derivatives of noscapine 

(we called as noscapinoids) by modification of its scaffold structure at various points.  

The combination therapy of anti-microtubule agents is an undiscovered source of 

chemotherapeutic resources. Presence of multiple drug binding sites on the tubulin, 
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suggests   that a reasonable combination of two or more drugs of this class may increase 

the efficacy of anticancer drugs and diminish toxic side effects, thereby improving the 

therapeutic index. In the current dissertation work, we embark upon an approach to 

rationally designed a novel derivative of noscapine and evaluate its additive effect with the 

clinically approved anticancer agent, docetaxel (DOX), to enhance the anticancer activity 

based on the molecular modelling, cellular study and tubulin binding activity.  

Molecular docking of 9-vinyl phenyl noscapine (VPN) and DOX onto microtubule 

revealed a docking score of -4.82 kcal/mol and -6.67 kcal/mol respectively, while the 

docking score of VPN was changed to -3.23 kcal/mol when it was docked onto the co-

complex of tubulin-DOX. Further, the binding free energy (ΔGbind,PBSA) of VPN and DOX 

with tubulin showed -24.04 and -18.65 kcal/mol respectively, while the binding free 

energy of DOX was increased further in combination with VPN (ΔGbind, PBSA was reduced 

to -21.41 kcal/mol), denoting combination effect of both ligands. Similarly, a binding 

energy of -3.49 and -4.18 kcal/mol respectively was noted by the molecular docking of 

amino-noscapine and DOX on the microtubule. In contrast, the binding energy was 

improved significantly (-6.27 kcal/mol) when the DOX was docked to the co-complex of 

amino-noscapine and tubulin, indicating the combined effect of both the ligands. The 

individual predicted free energy of binding (∆Gbind,pred) for Br-Bn-Nos and DOX with 

tubulin was found to be -28.89 kcal/mol and -36.07 kcal/mol based on MM-GBSA as well 

as -26.21 kcal/mol and -34.65 kcal/mol based on MM-PBSA, respectively. However, the 

∆Gbind,pred of Br-Bn-Nos was significantly reduced to -33.02 kcal/mol and -30.24 kcal/mol 

using MM-GBSA and MM-PBSA  in presence of DOX on its binding pocket. 

Parenthetically, the ∆Gbind,pred  of DOX was significantly reduced to -37.17 kcal/mol and -

32.80 kcal/mol using MM-GBSA and MM-PBSA in the presence of Br-Bn-Nos on its 

binding pocket. The reduced ∆Gbind,pred in presence of Br-Bn-Nos and DOX together 
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indicated a combination effect of both the ligands. The cell killing potential represented in 

terms of IC50 value amounted to 30.17 µM and 19.92 µM for VPN and 0.621 µM and 

0.193 µM for DOX, respectively for 48 h and 72 h. The dose dependent cytotoxicity of 

DOX has been reduced considerably with the combination dose regimen of VPN. The IC50 

value amounted to 38.07 µM and 28.4 µM for treatment duration of 48 h and 72 h for 

amino-noscapine. Parenthetically the IC50 value was 0.61 µM and 0.08 µM for DOX 

respectively for the treatment duration of 48 h and 72 h. The cytotoxic effect of DOX was 

reduced significantly (to 0.05 µM) in combined treatment with amino-noscapine (20 µM). 

Further, isobologram analysis revealed the synergistic effect of Br-Bn-Nos and DOX in 

anti-proliferative activity using MCF-7 cell line at 48 h (sum FIC = 0.49) and at 72 h (sum 

FIC = 0.62). Apropos to the cytotoxic effect, noscapinoids and DOX induced apoptosis to 

cancer cell by interfering with the cell cycle progression. This study also revealed that the 

combination dose regimen of noscapinoids and DOX blocks the cell cycle progression at 

the G2/M transition phase and induced apoptosis to cancer cells more effectively 

compared to the single regimen. The combined interaction of both agents onto tubulin 

dimmer was also determined experimentally using purified tubulin, in which 

a combination regimen of noscapinoids and DOX reduced the fluorescence intensity of 

tubulin to a higher value (∼55% to 68%) compared to the single regimen.  

Female athymic nude mice were xenografted with MCF-7 cells and the efficacy of 

Br-TMB-Nos (150 mg/kg/day) by oral gavage, DOX (1.5 mg/kg/week, i.v.), and in 

combination (Br-TMB-Nos 300 mg/kg/day+DOX 1.0 mg/kg/week, i.v,) were determined. 

Tumor volume was reduced to 630 mm3 with combination treatment, 960 mm3 with DOX 

and 1145 mm3 from the tumor size of 1630 mm3 from the untreated control group on day 

40 post tumour implantation. It is clear from these data that combination treatment of both 

Br-TMB-Nos and DOX reduces the tumor size quite dramatically compared to single 



 

4 
 

regimen treatment of Br-TMB-Nos and DOX. Compared to untreated control mice, 

inhibition of tumor growth by the treatment of Br-TMB-Nos and DOX in single and in 

combination regimen was statistically significant (p < 0.001). Surprisingly, non-significant 

change in weight loss for Br-TMB-Nos, DOX and in their combination treatment, 

indicating that Br-TMB-Nos and DOX have a favourable toxicity profile. Our in vivo 

results demonstrated that a combination has a synergistic effect on a murine breast cancer 

model induced by the MCF-7.  

 Taken together, a proof-of-concept has been developed that our study provides 

compelling evidence that the anticancer potential of noscapine derivatives may be 

substantially improved when it is used in a combined application with low dose of DOX, 

could produce synergistic effects on cancer therapies, which is highly promising for 

enhancing the therapeutic efficacy for preclinical and clinical research.  

 

Keywords: Noscapine; Docetaxel; Apoptosis; Molecular dynamics simulations; 
Tubulin binding affinity; Tumor 
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CHAPTER 1 

INTRODUCTION 

 

“This chapter describes a general introduction, background of different types of cancers, 
currently used drugs in cancer therapy and the aims of the thesis.” 
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1.1. Cancer and its statistics 

Cancer is generally an abnormal and uncontrolled growth of cells, which at a later 

stage can invade tissues and metastasize to distant sites within the body. The normal cells 

convert into cancerous cells due to some mutations and the resultant changes in protein-

structure/function or the altered of gene expression patterns that perturb cell proliferation 

or cell death. Although more prevalent at advanced ages, cancer can affect people of any 

age including the foetus and is currently one of the leading causes of death. Moreover, the 

incidence of different types of cancer increases with increasing age worldwide according 

to the latest GLOBOCAN database. Although substantial advances in the treatment have 

successfully managed the suffering and the progression of this devastating disease, the 

complete cure is still largely illusive.   

 

Figure 1.1. Continental distribution of cancer cases. Estimated age-standardized incidence 
rates (World) in 2019, all cancers, both sexes, all ages. (Source: Global Cancer Statistics 
2020) 
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According to the most recent consolidated annual report (National Cancer Institute, 

National Institutes of Health; the Centres for Disease Control and Prevention; the 

American Cancer Society and the North American Association of Central Cancer 

Registries) on the status of cancer (released on February 04, 2021) states that the overall 

cancer death rates continue to decrease in men, women, and children for all major racial 

and ethnic groups. Comparatively, women have higher incidence rates of cancer and 

mortality in the age group of 20 to 49 than the men. According to annual estimates from 

the American Cancer Society, the death rate from cancer in the US has declined steadily 

over the last 2 decades. According to the previous report of International Agency for 

Research on Cancer (IARC) published in December 2013, the global growth rate ascends 

to 14.1 million new cases and crossed 8.2 million in 2012. Cancer statistics, 2019, 

published in the journal CA (a Cancer Journal for Clinicians of the American Cancer 

Society) reported the number of new cancer cases to 1,7,62,450 and deaths to 6,06,880 in 

the USA. In 2020, it was estimated to be 1,8,06,590 new cancer cases and 6,06,520 cancer 

deaths in the United States. This report gives data on the incidence rate in 184 nations 

around the world, comprising 28 kinds of malignancies. The growths analysed worldwide 

revealed lung (1.8 million, 13.0% of the aggregate), bosom (1.7 million, 11.95% of the 

aggregate), colorectum (1.4 million, 9.7% of the aggregate), liver (0.8 million, 9.1 percent 

of the aggregate), and stomach (0.7 million, 8.8 percent of the aggregate); were the most 

common cancer diagnosed worldwide (Figure 1.2). 

Cancer is the world's second most prevalent disease with the highest mortality rate 

of around 0.3 million deaths per year. According to a 2020 Indian report, tobacco-related 

cancers are estimated to contribute 3.7 lakhs (27.1%) of the total cancer burden (Mathur et 

al., 2020). Breast cancers are estimated to contribute 2.0 lakhs (14.8 %) among women, 

and cervix cancer is reported to contribute 0.75 lakhs (5.4 %), whereas, gastrointestinal 
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tract cancers are estimated to contribute 2.7 lakhs (19.7 %) of the total cancer incidence 

both for men and women (The national cancer registry program, India, 2020). Based on 

the cancer data compiled by ICMR from 2004 to 2010, the number of males, females, and 

total cancer patients were 3,90,809, 4,28,545, and 8,19,354, respectively. It was depicted 

that the number of most cases of cancers has gradually improved over time. In Indian 

communities, all forms of cancers have been identified including pores and skin cancers, 

lungs, breast, rectum, stomach, dental, pharyngeal, prostate, kidney, cervix, esophagus, 

blood, etc. Among those lung cancers, the esophagus, belly, and oral cancers are the 

highest commonplace in men, whereas, in women, cervix and breast cancers are mostly 

not unusual in India. 

 

Figure 1.2. The worldwide percentage distribution of cancer types. The incidence of lung 
cancer was found to be highest in number (20%).  
 
 
1.2. Modalities of treatment for cancer 

The modalities of treatment of cancer depend on their advancement, location and 

progression stage. Surgery, radiation-based therapy, and chemotherapy are some of the 

most traditional and widely used therapeutic interventions. The severe side effects 

associated with the traditional methods of treatment demand a modern and novel approach 

to cancer treatment. The modern modalities of treatment include hormone-based therapy, 

20%

9%
9%

9%7%

46%

Lungs Liver Coloerectal Stomach Breast Others



Chapter I │Introduction 

 

 
9 

stem cell therapy, immunotherapy, anti-angiogenic modalities, DNA integrity/metabolism, 

tubulin-binding drugs, and combination therapy (Figure 1.3). The examples of different 

drugs and their mode of action has been included in Table 1.1 (Zorn et al., 2007; Medeiros 

et al., 2009; Luh and Liu, 2006; Gerber and Chan, 2008). 

 

Figure 1.3. Proportions of various mechanisms/drugs currently in use in cancer therapy. 

 

Table 1.1. Drugs currently used for cancer treatment, their mode of action and 
mechanistic details.  

Mode of inhibition Drugs and their targets 
 
 
 
 
 
 
 
 
 
 
 
 
DNA integrity and 
metabolism 

Folic acid metabolism: Dihydrofolate reductase inhibitor 
(Aminopterin, Methotrexate, Pemetrexed); Thymidylate 
synthase inhibitor (Raltitrexed, Pemetrexed). 

Purine metabolism: Adenosine deaminase inhibitor 
(Pentostatin); Halogenated/ribonucleotide reductase inhibitors 
(Cladribine, Clofarabine, Fludarabine); Thiopurine 
(Thioguanine, Mercaptopurine). 

Pyrimidine metabolism: Thymidylate synthase inhibitor 
(Fluorouracil, Capecitabine, Tegafur, Carmofur, Floxuridine); 
DNA polymerase inhibitor (Cytarabine); Ribonucleotide 
reductase inhibitor (Gemcitabine); Hypomethylating agent 
(Azacitidine, Decitabine). 

Deoxyribonucleotides metabolism: Ribonucleotide reductase 
inhibitor (Hydroxyurea). 

Topoisomerase I inhibitor: Camptothecan (Camptothecin, 
Topotecan, Irinotecan, Rubitecan, Belotecan). 

Topoisomerase II inhibitor: Podophyllum (Etoposide, 

DNA Integrity 
and 

Metabolism
41%

Radiation and 
Photo 

Sensitizers
6%

Signal 
Transduction

20%

Monoclonal 
Antibodies

17%

Tubulin 
Binding Drugs

6%

Miscellaneous
10%
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Teniposide). 

Nitrosoureas:  Carmustine; Lomustine (Semustine); 
Fotemustine; Nimustine; Ranimustine; Streptozocin. 

 TopoisomeraseII + intercalation: Anthracyclines (Aclarubicin, 
Daunorubicin, Doxorubicin, Epirubicin, Idarubicin, Amrubicin, 
Pirarubicin, Valrubicin, Zorubicin); Anthracenediones 
(Mitoxantrone, Pixantrone). 

Crosslinkers: Nitrogen mustards: Mechlorethamine; 
Cyclophosphamide (Ifosfamide, Trofosfamide); Chlorambucil 
(Melphalan, Prednimustine); Bendamustine; Uramustine; 
Estramustine. 

Alkyl sulfonates: Busulfan (Mannosulfan, Treosulfan). 

Aziridines: Carboquone; ThioTEPA; Triaziquone; 
Triethylenemelamine; Platinum (Carboplatin, Cisplatin, 
Nedaplatin, Oxaliplatin, Triplatin tetranitrate, Satraplatin); 
Hydrazines (Procarbazine); Triazenes (Dacarbazine, 
Temozolomide); Altretamine; Mitobronitol; Streptomyces 
(Actinomycin, Bleomycin, Mitomycin, Plicamycin). 

 

Radiation and 
photosensitizers 

Radiation therapy: High-energy radiation from x-rays, gamma 
rays, neutrons, protons, and other sources.   

Photosensitizers: Aminolevulinic acid/Methyl aminolevulinate; 
Efaproxiral; Porphyrin derivatives (Porfimer sodium, Talaporfin, 
Temoporfin, Verteporfin). 

 

 

 

 

 

Signal Transduction 

Receptor tyrosine kinase inhibitors: ErbB: HER1/EGFR 
(Erlotinib, Gefitinib, Lapatinib, Vandetanib, Neratinib); 
HER2/neu (Lapatinib, Neratinib) 

RTK class III: C-kit (Axitinib, Sunitinib, Sorafenib); FLT3 
(Lestaurtinib); PDGFR (Axitinib, Sunitinib, Sorafenib); VEGFR 
(Vandetanib, Semaxanib, Cediranib, Axitinib, Sunitinib, 
Sorafenib). 

Non recptor tyrosine kinase inhibitors: bcr-abl (Imatinib, 
Nilotinib, Dasatinib), Src (Bosutinib), Janus kinase 2 
(Lestaurtinib). 

Enzyme inhibitors: Farnesyl transferase FI (Tipifarnib); CDK 
inhibitors (Alvocidib, Seliciclib); proteosome inhibitor PrI 
(Bortezomib); PDE II inhibitor PhI (Anagrelide); Imp 
dehydrogenase inhibitor IMPDI (Tiazofurine); Lipoxygenase 
inhibitor LI (Masoprocol). 

Receptor antagonists/hormones: Endothelial receptor 
antagonist ERA (Atrasentan); retinoid X receptor (Bexarotene); 
sex steroid (Testolactone). 

 

Tubulin binding 
drugs 

Inhibit microtubule assembly: Vinca alkaloids (Vinblastine, 
Vincristine, Vinflunine, Vindesine, Vinorelbine) 

Promote microtubule assembly: Taxanes (Paclitaxel, Docetaxel, 
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Larotaxel, Ortataxel, Tesetaxel); Epothilones (Ixabepilone) 

 

 

 

 

Monoclonal 
antibodies 

Receptor tyrosine kinase: ErbB: HER1/EGFR (Cetuximab, 
Panitumumab); HER2/neu (Trastuzumab). 

Solid tumors: EpCAM (Catumaxomab, Edrecolomab); VEGF-A 
(Bevacizumab). 

Leukemia/lymphoma. Lymphoid: CD20 (Rituximab, 
Tositumomab, Ibritumomab). Myeloid: CD52 (Alemtuzumab). 
Lymphoid+Myeloid: CD33 (Gemtuzumab). 

Others: Afutuzumab, Alemtuzumab, Bevacizumab/Ranibizumab, 
Bivatuzumab mertansine, Cantuzumab mertansine, Citatuzumab 
bogatox, Dacetuzumab, Etaracizumab, Farletuzumab, 
Gemtuzumab ozogamicin, Inotuzumab ozogamicin, 
Labetuzumab, Lintuzumab, Milatuzumab, Nimotuzumab, 
Oportuzumab monatox, Pertuzumab, Sibrotuzumab, Sontuzumab, 
Tacatuzumab tetraxetan, Tigatuzumab. 

 

Miscellaneous 

Amsacrine; Trabectedin; Retinoids (Alitretinoin, Tretinoin); 
Arsenic trioxide; Asparagine depleter 
(Asparaginase/Pegaspargase); Celecoxib; Demecolcine; 
Elesclomol; Elsamitrucin; Etoglucid; Lonidamine; Lucanthone; 
Mitoguazone; Mitotane; Oblimersen; Temsirolimus; Vorinostat 

  

Traditionally chemotherapy, the use of chemicals to kill cancer cells, is considered 

to be the most common in the clinic. The chemical agents execute through different 

mechanisms such as interference with the metabolism of DNA, the division of the cell, the 

signal transduction and cytotoxicity (DeVita et al., 2008). However, most of the 

chemotherapeutics also target normally growing blood-cells in the bone marrow, lining of 

the gastrointestinal tract, hair-cells within the hair-follicles, thereby causing side effects 

such as leucocytopoenia, immunocompromise, nausea, vomiting, diarrhoea, hair-loss etc. 

These immunocompromised patients may thus acquire secondary complications due to 

sometime lethal infections. A total of 132 cytotoxic chemotherapeutic drugs have been 

approved by the FDA. These drugs through a variety of their cytotoxic mechanisms often 

induce cell-death (apoptosis or necrosis) in tumor cells. These drugs are deliberately 

intended to target and eradicate tumor cells through a genotoxic effect i.e., the release of 

reactive oxygen species. Normal body cells, however, are also affected to some degree by 
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these therapeutics (Rodgers et al., 2012). Among the microtubule-targeting 

chemotherapeutics in clinics, the most common are taxanes and a number of vinca 

alkaloids for the treatment of a wide variety of human malignancies. Taxanes are the most 

important class of anti-cancer agents. Paclitaxel (Taxol), derived from bark-extracts of the 

pacific yew tree, Taxus brevifolia, or its derivatives, are administered to patients with 

breast, ovarian, lung, head and neck, oesophageal, prostate and bladder cancers (Kuruppu 

et al., 2019). A semisynthetic derivative of taxane is docetaxel, which is used as an 

effective anticancer agent, derived from extracts of the Taxus buccata (Ringel et al., 

1991).  Similarly, vinca alkaloids, one of the oldest class of therapeutics agents used to 

treat cancer, are the second most commonly utilized agents in the clinic. These alkaloids 

have been isolated from Catharanthus roseus. Vincristine and Vinblastine are the two 

main vinca alkaloids and few structural derivatives such as vinorelbine, vindesine and 

vinflunine are generally used in the clinic for the treatment of different types of cancer 

(Manfredi & Horwitz 1984). Mechanistically both the groups of drugs targeted to 

microtubules, interfere with its organization and induce apoptosis to both cancer and 

normal cells. As a result, both the groups of drugs possess sever toxicity to patients.  

 
1.3. Microtubules: A dynamic target in cancer therapy 

1.3.1. Biology of microtubule  

Microtubules (MTs) are intracellular tubular structures that, along with actin and 

intermediate filaments, constitute the dynamic cytoskeleton of nearly all cell types. They 

continually arrange to form certain specialized super assemblies such as the mitotic 

apparatus for partitioning duplicated chromosomes during the cell division and then 

rearrange into normal interphase arrangements (Desai et al., 1997; Howard et al., 2003; 

Kuruppu et al., 2019). They are not only critical for cell proliferation, but also are required 

for subcellular-trafficking, signalling, and migration. Microtubules assemble from tubulin, 
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which itself is a dimer of α-and β-tubulin subunits, each of a molecular weight of ~50,000 

Da. Both the tubulin subunits comprise a chain of approximately 450 amino acids 

compacted into complex structures: a centre of two β-sheets surrounded by α-helices and a 

bound guanine nucleotide that is non-exchangeable when attached to the α-subunit and is 

freely exchangeable with the externally added guanine nucleotide when bound to the β-

subunit (E-site) (Jordan et al., 2004).        

 

Figure 1.4. Molecular structure of tubulin heterodimer consisting of α- and β-tubulin. 
Ribbon diagram showing the α- and β-monomers of tubulin from X-ray crystallographic 
data at a resolution of 2.20 Å viewed from inside of the microtubules. The tubulin 
consisted of alpha helix, beta strands and loops. The GDP (formed from the hydrolysis of 
GTP, hydrolyzable site of GTP) and Taxotere are bound to β-monomer and Noscapinoids 
bound to the interface region. The arrow indicates the growth of the protofilaments during 
microtubule formation. 
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The unique functions of microtubules and the primary mechanism of actions of 

anti-microtubule agents are to relate the dynamic equilibrium between α- and β-tubulin 

heterodimer subunits and the microtubule polymer. Every monomer is asymmetric with 

approximate dimensions of 46 × 40 × 65 Å (width, height, and depth, respectively) and 

consists of a core of two sheets surrounded by helices. Each tubulin subunit is divided 

dynamically into three domains: the amino-terminal domain containing the nucleotide-

binding region, the intermediate domain, and the carboxyl-terminal domain that 

coordinates drug interactions such as vinblastine and colchicine. This process of 

microtubule polymerization/depolymerization is referred to as dynamic instability (Figure 

1.5). The hydrolysis of GTP at the exchangeable E-site is needed to build up a flux of 

subunits through the polymer, the addition of tubulin heterodimers to the "plus" end, and 

dissociating heterodimers from the "minus" end of the microtubules, bringing about in 

microtubule destabilization (Downing et al., 1998; Rowinsky et al., 2006). Partly also 

Magnesium ions (Mg2+) are required for assembly because GTP binds as an Mg-GTP 

complex (Nogales et al., 1999). 

 

Figure 1.5. Organization of microtubules. The heterodimers of α- and β- tubulin arrange 
one above the other to form a polymer of protofilament and 13 of these protofilaments 
arranged side wise to form a microtubule. The heterodimers polymerize at one end called 
(+) end and at the same time depolymerizes from another end, called as (-) end. The 
process of polymerization and depolymerization takes place simultaneously that give 
dynamic structure to microtubule. 
  



Chapter I │Introduction 

 

 
15 

The dynamic behaviour of microtubule depends upon the competing role of both 

stabilizing proteins as well as the microtubule-associated proteins (MAPs: tau, MAP1, 

MAP2, MAP4, XMAP215), regulatory proteins responsible for microtubule 

destabilization (stathmin, XKCM1, XKIF2, katanin) and another variable expression of 

tubulin isotype (Correia et al., 1987). There is another unique dynamic feature of 

microtubule dynamic: within a population of slowly growing microtubules, certain 

individual microtubules can transition catastrophically to a rapid depolymerization-phase 

until they simply disappear. Alternatively, a shortening microtubule can pause randomly at 

some point in time to grow back again (rescue). This type of dynamic behaviour is termed 

“dynamic instability”. 

 These include the growth rate, shortening rate, the frequency of transition from the 

growth to shortening, called a "catastrophe frequency," and the frequency of transition 

from shortening to growth called a "rescue frequency." (Figure 1.6). 

Figure 1.6. A gallery of microtubule dynamics and the measured dynamic parameters. (A) 
A gallery of video frames, 6 seconds apart, showing the plus ends of several microtubules. 
(B) One representative microtubule plus end behaviour is shown. As time goes in seconds 
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the microtubule plus end is growing and growing and all of a sudden, the microtubule can 
revert into a phase of shortening and the shortening can be rescued by another growth 
phase. So, it is continuously growing and shortening as you can see hardly any pausing 
between both the phases. (C) The measured dynamic parameters of microtubules (from Ye 
et al., 1998).  

 

1.3.2. Tubulin-interacting antimitotic agents  

The antimitotic agents act by binding specific sites on various structural domains 

of the tubulin heterodimer either on its unassembled or assembled forms. Three drug-

binding domains/sites have been identified, the colchicine binding site, the binding site of 

vinca alkaloids (α-tubulin) and that of the taxanes (β-tubulin) (Correia et al., 2001). 

Colchicine binds to the area of the interface and alters the lateral microtubule contact by 

blocking microtubule polymerization (Jordan et al., 1998). Vinca alkaloids inhibit 

microtubule assembly by cross-linking the inter-dimer interfaces, thereby sterically 

deforming the protofilament and inducing formation of alternative polymers of tubulin 

(Downing et al., 1998; Nogales, 1998). The mechanism of action of taxanes is somewhat 

different from the other two because it promotes microtubule assembly and bundles them, 

resulting in significantly stable, non-functional polymers (Wilson et al., 1982; Schiff et al., 

1979). Microtubule-interfering agents are graded in two classes. One group of agents such 

as vinblastine, colchicine, and nocodazole inhibits the polymerization of microtubules 

(Table 1.2) (Bissery et al., 1991). However, another group induces microtubule 

polymerization and bundles the microtubules, such as paclitaxel, epothilones, laulimalide, 

etc (Snyder et al., 2001; Schiff and Horwitz, 1980; Bissery et al., 1991) (Table 1.3). While 

both the groups of microtubule agents behave differently, they all suppress the dynamics 

of microtubules and interfere with spindle functions and thus arrest cells at mitosis by 

triggering the control point of the spindle assembly (Jordan and Wilson, 1999; Rudner and 

Murray 1996). 
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Table 1.2. Inhibitors of tubulin polymerization and used in clinic as anticancer agents. 

Drug 
Highest 
Phase 

Indication Drug type 

2-Methoxyestradiol  Phase-I Cancer Endogenous metabolite 

ABT 751 Phase-II 

Breast cancer, 
Colorectal 
cancer, Non-
small cell lung 
cancer, Renal 
cancer 

Sulphonamide  

ALB 109564(a) Phase-I Solid tumors 
Semi-synthetic derivative of 
Madagascar periwinkle flower 
extract 

AVE 8062 Phase-III 

Cancer, 
Sarcoma 
(Second-line 
therapy), Solid 
tumors 

Combretastatin A4 analogue 

Batabulin Phase-III 

Breast cancer, 
Colorectal 
cancer, Glioma, 
Liver cancer, 
Non-small cell 
lung cancer 

Synthetic 
pentafluorophenylsulfonamide 

Carbendazim Phase-I 
Cancer, HIV 
infections 

Broad-spectrum benzimidazole 
fungicide 

Cevipabulin Phase-I Solid tumors Tubulin polymerization inhibitors 

CYT 997 Phase-II 

Glioblastoma, 
Multiple 
myeloma, Solid 
tumors,  

Pyridimine amine 

Dolastatin analogue  Phase-II Solid tumors Synthetic peptide 
E 7974 Phase-I Solid tumors Synthetic hemiasterlin analogue 

EC 0225 Phase-I Cancer 
Folate linked to vinka alkaloid 
and mitomycin C 

EC 145 Phase-II Cancer Folate linked to vinka alkaloid  

Eribulin Phase-III Cancer Synthetic helichondrin B analogue 

Indibulin Phase-I/II Cancer 
Synthetic small molecule: indolyl-
3-glyoxylic acid 

LP 261  Phase-I Solid tumors Colchicine derivative 
MKC 1 Phase-II Cancer Small molecule inhibitor 
MPC 6827 Phase-I Cancer Quinazoline derivative 

Noscapine Phase-I/II 

Chronic 
lymphocytic 
leukaemia, 
Multiple 
myeloma, Non-
Hodgkin's 

Benzylisoquinoline alkaloid 
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lymphoma 

NPI 2358 Phase-II 

Lymphoma, 
Non-small cell 
lung cancer, 
Solid tumors 

Synthetic analog of NPI-2350 
helimide, a natural product 
isolated from Aspergillus sp. 

NSC 631570 Phase-II 
Cancer, 
Influenza virus 
infections 

Semi-synthetic compound of 
thiophosphoric acid and the 
alkaloid chelidonine 

SAR 3419 Phase-II 
Non-Hodgkin's 
lymphoma 

Immunoconjugate of anti-CD19 
mab conjugated to the cytotoxic 
agent maytansinoid DM4 

SDZ LAV 694 Phase-I 

Hodgkin's 
disease, Non-
Hodgkin's 
lymphoma, 
Solid tumors 

Quinazoline 

SGN 35 Phase-II Cancer 

Anti-CD30 antibody attached to a 
potent, synthetic drug 
monomethyl auristatin E 
(MMAE) 

Soblidotin Phase-II Solid tumors Dolastatin-10 derivative 
Taltobulin Phase-III Cancer Hemiasterlin derivative 
Tasidotin Preclinical Cancer Dolastatin-15 analogue 
Vincristine 
liposomal 

Phase-III Cancer 
Vinca alkaloid with liposomal 
delivery system 

Vinflunine   Phase-III Cancer Vinca alkaloid 
Vinorelbine Phase-II Cancer Vinca alkaloid 
Vinorelbine 
emulsion  

Phase-I Cancer Vinca alkaloid 

Vinorelbine 
liposomal - Hana 
Biosciences 

Phase-I Cancer 
Vinca alkaloid with liposomal 
delivery system 

ZEN 012 Phase-I 
Lymphoma, 
Solid tumors 

Small molecule inhibitor (binds to 
colchicine binding domain) 

 
Table 1.3. Promoters of tubulin polymerization and used in the clinic as anticancer agents. 

Drug 
Highest 
Phase 

Indication Drug type 

AI 850 Phase-I Solid tumors Paclitaxel, in a novel 
polyoxyethylated castor oil-
free hydrophobic 
microparticle delivery system 

ANG 1005 Phase-III Brain cancer 
(Metastatic disease), 
Glioma 

Taxane derivative 
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ARC 100 
(TPI-287) 

Phase-II Cancer, Pancreatic 
cancer, Prostate cancer 
(Hormone refractory) 

3rd generation Taxane to 
overcome drug resistance 

BMS 188797 Phase-II Cancer Taxane 
BMS 275183 Phase-II Non-small cell lung 

cancer, Prostate 
cancer, Solid tumors 

Taxane 

BMS 310705 Phase-I Cancer Epothilone analog 
BMS 753493 Phase-I/II Solid tumors Folate receptor targeted 

epothilone 
Cabazitaxel Phase-III Breast cancer, Prostate 

cancer (Hormone 
refractory ) 

Taxane 

Docetaxel Phase-II/ 
Phase-III 

Cancer Taxane  

Docetaxel emulsion Phase-I Breast cancer Taxane 
DTS 301 Phase-II Glioblastoma, 

Oesophageal cancer, 
Pancreatic cancer 

Paclitaxel delivered in 
copolymer gel ReGel. 

EndoTAG 1 Phase-II Cancer Positively charged lipid 
complex to transport 
paclitaxel 

Ixabepilone Phase-II Cancer Epothilone 
KOS 1584 Phase-II Non-small cell lung 

cancer, Solid tumors 
Epothilone 

Larotaxel Phase-III Cancer Taxane 
Liposome 
encapsulated 
docetaxel  

Phase-I Solid tumors Taxane 

Liposome 
encapsulated 
paclitaxel 

Phase-II Breast cancer New formulation of 
Paclitaxel 

Milataxel Phase-II Cancer Taxane analog 
NK 105 Phase-III Solid tumors Paclitaxel-incorporating 

polymeric micellar 
nanoparticle (85 nm in size) 

OAS PAC 100 Phase-III Ovarian cancer 
(Combination therapy: 
In combination with 
carboplatin) 

Paclitaxel micellar 

Ortataxel Phase-II Non-Hodgkin's 
lymphoma, Renal 
cancer, Solid tumors 

Taxane 

Paclitaxel - Bristol-
Myers Squibb 

Phase-II Cancer Paclitaxel 

Paclitaxel - Yew 
Tree 
Pharmaceuticals 

Phase-II Breast cancer, Ovarian 
cancer 

Taxane 
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Paclitaxel – 
Angiotech 

Phase-I/II Inflammation and 
cancer 

Taxane 

Paclitaxel-Aphios Phase-II Cancer Taxane 
Paclitaxel –Hanmi Phase-I/II Cancer Taxane 
Paclitaxel – 
SuperGen 

Phase-I Solid tumors Taxane 

Paclitaxel liposomal 
– Aphios 

Phase-I Cancer Taxane 

Paclitaxel 
nanoparticle - Dabur 
Pharma 

Phase-II Cancer Taxane 

Paclitaxel 
nanoparticles - 
BioAlliance Pharma 

Phase-II Solid tumors Taxane 

Paclitaxel 
poliglumex 

Phase-III Cancer Taxane 

Paclitaxel polymer 
implant 

Phase-I Solid tumors Taxane 

Albumin-bound 
paclitaxel 

Phase-III Cancer Taxane 

Patupilone Phase-III Cancer Epothilone B 
Pegylated docetaxel  Phase-I Solid tumors Taxane 
Sagopilone Phase-II Cancer Epothilone 
Simotaxel Phase-I Solid tumors Taxane 
Tesetaxel Phase-II Cancer Taxane 
TL 310 Phase-I Cancer Taxane analog 
 

1.3.3. Challenges associated with the microtubule-targeted drugs 

Although the microtubule targeted drugs are used in the treatment of a wide range 

of different cancers, these are the causative agent of neuropathy, peripheral neuropathy, 

myeloid toxicity and neutropenia. Such microtubule-binding agents also have some 

mutagenic properties and therefore secondary tumor risk factor is present. The cells that 

are exposed to these compounds develop aneuploidy due to lack of aggregation, so the risk 

of iatrogenic leukemia and/or solid tumors is increased. Moreover, the patients are 

developing resistance with the treatment of taxotere. Therefore, there is still an emergency 

for effective drugs with minimal side effects, enhanced solubility, and one that can 

overcome the mechanism of drug resistance. In a quest of finding such compounds, the 

naturally available alkaloids have been screened, in particular, the opium alkaloids family. 
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One of the alkaloids, Noscapine, which is used as safe anti-tussive drug (Karlsson et al., 

1990) in the clinic since several decades, has been screened out to have anticancer activity 

(Ye et al., 1998). 

 
1.3.4. Noscapine a natural opium alkaloid as anticancer agent  

Noscapine (C22H23NO7,413.43 Da) a benzylisoquinoline alkaloid was initially 

described by Professor Pierre-Jean Robiquet in the year 1817 (Wells WAE, 1996) from 

the opium plant (Papaver somniferum) (Figure 1.7). He isolated two natural compounds 

from opium (Papaver somniferum): codeine and noscapine (Yamada et al., 2003). 

Noscapine is one of the most abundant opium alkaloids (21%), the other prominent 

alkaloids being morphine (42%), codeine (12%), papaverine (18%), thebaine (6.5%) 

sanguinarine, berberine, and tubocurarine. Since then, tremendous progress has been made 

in the development of schemes for total synthesis. Nevertheless, noscapine's availability 

from natural sources is perhaps more economical than conventional synthetic means. The 

anticancer effect of noscapine was discovered back in 1998 (Ye et al., 1998). This was 

achieved through structurally screening a small library of naturally derived compounds 

that shared structural similarities with toxic MT depolymerizing drugs such as 

podophyllotoxin, MTC [2-methoxy-5-(2,3,4-trimethoxyphenyl)-2,4,6-cycloheptatrien-1-

one] TKB [ 2,3,4-trimethoxy-4'-acetyl-1,1'-biphenyl], and Colchicine. It was found that 

noscapine binds stoichiometrically to tubulin (one noscapine molecule for each αβ-tubulin 

dimer), modify tubulin compliance, and arrest mammalian cells at mitosis phase (Lettre, 

1954). Unlike vinca alkaloids and taxanes, however, it does not induce over-

polymerization, depolymerization, or any change in the general interphase MT 

organization. Because of its subtle effect on the kinetic parameters of dynamic instability 

of MTs, noscapine inhibits mitosis at prometaphase and arrests dividing cancer cells and 

normal cells in mitosis. Cancer cells, perhaps due to their mutations that compromise cell 
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cycle checkpoints, often do not sustain arrested mitosis for long time and undergo 

apoptosis while the arrested normal cells can resume mitosis after drug removal due to 

metabolic clearance (Warolin and Pierre, 1999). It is reported previously that, different 

divergent pathways were found to converge in bringing about apoptosis in cancer cells 

treated with noscapine and its derivatives. These pathways include the induction of stress-

activated jun N-terminal kinase, mitochondrial depolarization, downward regulation of 

cell survival cascades, upward regulation of pro-apoptotic signals, and eventually all 

converging into caspase 3/7 activation.  

  

                    

    Figure 1.7. The structure of opium poppy and the lead molecule, Noscapine. 
 

In comparison to the other MT binding drugs such as taxanes and vinca alkaloids, 

noscapine offers various advantages in cancer treatment: (a) noscapine arrests a variety of 

mammalian cancer cells including drug resistant variants in mitosis and targets them for 

apoptosis (Karlsson et al., 1990; Jordan et al., 1993; Wang et al., 2005) (b) it is a poor 

substrate for drug pumps (poly glycoproteins and MDR-related proteins) which constitute 

a major cause of drug resistance (Karlsson et al., 1990) (c) it inhibits progression of 

murine melanoma, lymphoma, glioblastoma and human breast tumors implanted in nude 
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mice without detectable toxicity to the rapidly dividing cells and post mitotic cells such as 

neurons (Karlsson et al., 1990; Jordan et al., 1993; Wang et al., 2005) (d) it does not 

hinder primary humoral and cellular responses in mice (Drukman and Kavallaris, 2002) 

(e) it does not cause measurable immunological and neurological toxicity in mice (f) it is 

orally administered as opposed to other anti-MT drugs that require peritoneal injections or 

intravenous infusions with a risk of anaphylactic reactions and infection at the injection 

site causing pain, blood vessel thrombosis or embolism (Karlsson et al., 1990; Jordan et 

al., 1993; Wang et al., 2005) (g) it has a mean bioavailability of ~30-32 percent over a 

dose range of 10 mg/kg to 300 mg/kg in mice (Wang et al., 2005). However, noscapine 

has low cytotoxicity to cancer cells of varying tissue origin. The values of IC50 remain 

within the high micromolar ranges (~21.1 to 100 μM) with the cancer cells of different 

tissue origin (Table 1.4). To further improve its efficacy, efforts were based on rational 

drug design and synthesis of new generations of noscapine derivatives for better 

therapeutic outcomes. 

Table 1.4. NCI 60 cell lines screening of Noscapine. From the various cell lines screening, 
it was found that many cell lines tested were inhibited by the presence of noscapine to 
various extent (from Ye et al., 1998). 

 

 
Nevertheless, noscapine faces some difficulty as its two ring systems i.e., the 

isoquinoline and the isobenzofuranone are connected by a single rotating -C-C bond 
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between two chiral centers. Thus, ordinary chemical reactions necessarily lead to a 

racemic mixture of 4-stereoisomers of noscapine. Out of these, only one stereoisomer, the 

RS form, is biologically active (Ye et al., 1998; Warolin and Pierre, 1999).  

 
 
1.3.5. Development of noscapine analogs as potential anticancer agents 
 

To improve noscapine's cytotoxic activity, various analogs have been formulated 

and chemically synthesized (known as noscapinoids). A series of noscapinoids were 

formed by functionalizing the natural α-noscapine units of both isoquinoline and 

isobenzofuranone. Some of these derivatives (Figure 1.8) have far better lists of treatments 

and better pharmacological profiles. Currently, more than three generations of 

noscapinoids have been developed, chemically synthesized and their activity have been 

studied against cancer cell, solubility on water and toxicity to normal cells (Landen et al., 

2004; Aneja et al., 2004; Aneja et al., 2006; Santoshi et al., 2011; Naik et al., 2011; Mishra 

et al., 2011). The first generation of noscapinoids were developed by structural 

modification of parent noscapine at diversity point ‘A’ and ‘B’ of isoquinoline and 

diversity point ‘C’ of benzofuranone ring system. Different groups like nitro, azido, an 

amino and halogenated group like F, Cl, Br, I groups were attached at diversity point ‘A’ 

and reduced oxygen at diversity point ‘C’ (Figure 1.9) (Aneja et al., 2006).  
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Figure 1.8. Noscapine scaffold and sites of modification. 
 
 

 

Figure 1.9. Halogenated derivatives of noscapine. All these derivatives showed improved 
cytotoxic activity compared to lead molecule, noscapine. 
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Figure 1.10. Aryl-derivatives of noscapine. These derivatives were synthesized by 
functionalization (by deleting or substitution) of various functional groups as mentioned in 
the noscapine scaffold. All these derivatives showed very little or no improvement in 
cytotoxicity activity of noscapine. 
 

The first generation noscapinoids were more effective than the parent one (Landen 

et al., 2004; Aneja et al., 2004; Aneja et al., 2006; Santoshi et al., 2011; Naik et al., 2011; 

Mishra et al., 2011). The 2nd generation noscapine analogs were synthesized at 7-position 

benzofuranone noscapine analogs that offered better antiproliferative activity. O-alkylated 

and asylated which was developed by chemical alteration at diversity point ‘D’ of parent 

noscapine (Landen 2004; Aneja et al., 2004; Aneja et al., 2006; Santoshi et al., 2011; Naik 
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et al., 2011; Manchukonda et al., 2013). Since the first pass in vitro experiments remain 

feasible with several more potent synthetic noscapine analogs, water insolubility has 

turned into a noteworthy problem for in vivo experimentation. Essentially, the presence of 

substituted isoquinoline and isobenzofuranone ring systems that impart highly 

hydrophobic structural characteristics can be due to a reduction in aqueous solubility. This 

lack of adequate solubility would seem to be a challenge for the further development of 

drugs, while low water solubility would have a direct effect on the absorption and 

distribution profiles of the test agents, thus compromising bioavailability. Thus, at an early 

stage of drug development, the solubility characteristics of a drug are immensely 

important, particularly for animal studies. Provided, the key descriptors of aqueous 

solubility of a drug are the partition coefficient and TPSA (Topological Polar Surface 

Area), the integration of information of these parameters is also sought to fine-tune the 

physicochemical profiles of drugs. To solve all such significant challenges, there is a need 

for further development of noscapine derivatives. The third generation, noscapinoids 

manipulated the isoquinoline ring system at diversity point ’B’. All these noscapinoids 

were superior to parent noscapine based on effectivity. All of these derivatives were 

normally planned by the functionalization of 'N' in the isoquinoline unit of regular α-

noscapine. These subordinates were displayed generous cytotoxicity towards tumor cells 

of different tissue origins.  
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Figure 1.11. These derivatives were synthesized by functionalization (by deleting or 
substitution) of various functional groups as mentioned in the noscapine scaffold. All these 
derivatives showed very little or no improvement in cytotoxic activity of noscapine. 

 

Enormous numbers of these noscapine derivatives have already been shown to 

inhibit cell proliferation in a wide variety of tumor cells (NCI 60 disease cell lines). The 

implanted tumor in xenograft models was successfully regressed (lymphomas, breast, 

prostate, and melanomas) to a reasonable degree in preclinical mice models by treatment 

of noscapine and its derivatives. In any case, even with increasing doses as high as 600 

mg/kg, the complete remission of the disease was not achieved. Therefore, it is required to 

generate another generation of noscapine derivatives for better therapeutic outcomes. 

Alternatively, the therapeutic efficacy of noscapine could be increased to many 

folds through combination therapy with the clinically used chemotherapeutics such as 

docetaxel.  The rationality of combination therapy is to use drugs that work through 

multiple pathways, thereby reducing the risk of developing resistant cancer cells, when 

drugs of different effects are combined, each drug can be used at its optimal dose without 

having any side effects. Docetaxel a markedly available, second generation taxane 

derivative could be a choice for the combination therapy due to its clinical use. The 

combination of docetaxel with different naturally available anticancer agents has been the 

subject of numerous studies aimed at reducing the administered dose of docetaxel.  

 

1.4.  Clinical trials in cancer 

 Following the publication of anti-cancer impact of noscapine, many patients with 

different cancers started using noscapine on their own or by recommendation of their 

physicians. The Walter Payton Cancer Fund of the Norris Cancer Center, University of 

Southern California, agreed to sponsor a human trial following numerous anecdotal 

reports of patients who had failed several traditional chemotherapy agents and 
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subsequently responded to noscapine. Patients suffering from non-Hodgkin lymphoma 

/chronic lymphocytic leukaemia are targeted in this Phase I/II trial. It is intended to 

explain doses of noscapine that are safe and reliable. In trial study, the doses ranged from 

1,000 to 3,000 mg per day.  

1.5. Computer-aided design of potent and novel noscapine analogs  

The discovery and development of drugs is a tedious and expensive process. 

Computer-aided approaches, such as virtual screening and de novo design techniques, play 

an important role in the drug design ventures. For, placing a drug on the market takes 10–

15 years and US$ 500–800 million (Karlsson et al., 1990; Wang et al., 2005). This is why 

computer-aided drug design (CADD) methods have commonly been used as part of the 

pharmaceutical industry to increase the product pipeline's efficacy and development 

(Karlsson et al., 1990; Wu et al., 2006). CADD allows scientists to keep an eye on the 

most interesting substances so that synthetic and biological research activities can be 

minimized. In application, the selection of the CADD approaches to be used is sometimes 

determined by the delivery of target protein 3D structures determined through an 

experiment. If the target structures are recognized, entirely shape-based approaches that 

include molecular docking may be used, which employs the goal of 3D systems to design 

new, lively compounds with advanced potency. The proposed ligands after chemical 

synthesis and experimental assessment become a hit drug candidate (Figure 1.10). As 

more structures are becoming available, the structure-based drug designing techniques are 

the latest equipment to discover amazing and novel molecules. 

 

 

 



Chapter I │Introduction 

 

 
30 

 

Figure 1.12.  The overview of structure-based drug design cycle. 

Theoretical calculations, in particular, the approach to molecular docking, appear 

to be the number one device for gaining such understanding. The docking algorithms 

provide a desirable binding pose for a compound that fits into the receptor's binding 

pocket and evaluates its binding affinity by using the scoring function. The scoring 

capabilities used by docking algorithms, however, are fairly simple. Normally, they do not 

include complementarity parameters of the shape between binding pocket and ligand as 

well as the solvation effect in calculating the strength of electrostatic interactions between 

protein and ligand. Consequently, the use of molecular docking only for the screening of 

ligands is also problematic and may lead to a reduction in accuracy. 
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1.6. Organization of the thesis works 

In this dissertation work, the more potent derivatives of noscapine were designed 

through structural modifications on the isoquinoline ring with improved predictive 

activity, followed by chemical synthesis and experimentally evaluated as anticancer agent. 

The anticancer activity of these compounds was tested in a single as well as in 

combination regimen with docetaxel using a human breast cancer cell line, MCF-7. The 

thesis includes five distinct chapters. Chapter 1, describe a general introduction, 

background of different types of cancers, currently used drugs in cancer therapy and the 

aims of the thesis. Chapter 2 include the literature reviews of noscapinoids, applications of 

Noscapinoids as potential anticancer agent in combination with docetaxel. The details of 

materials and methods used for the experimentation were included in Chapter 3. The 

results obtained from various experiments and their significance as anticancer activity 

were discussed in details in Chapter 4. The overall conclusion and significance of the 

study was discussed in the conclusion section, Chapter 5.     

Objectives of the research work: 

1. To develop potent derivatives of Noscapine (called Noscapinoid) with high binding 

affinity onto α- and β-tubulin heterodimer followed by chemical synthesis and 

structural characterization.   

2. To evaluate the in vitro anticancer efficacy of developed noscapinoids using breast 

cancer cell line (MCF-7). Towards this end we will determine its effect to (i) 

inhibit cellular proliferation and induce apoptosis to breast cancer cell line, (ii) 

binding affinity with tubulin, (iii) alteration with cell cycle kinetics, etc. 

3. To evaluate the in vivo therapeutic efficacy of developed noscapinoids as an 

inhibitor of localized and metastatic breast cancer using xenograft animal model.  
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4. To evaluate the toxicity if any of developed noscapinoids based on histopathology 

and hematology studies using animal model. 

5. To determine the combination dose regimen of developed noscapinoids and 

Docetaxel (a clinically used taxane for metastatic breast cancer therapy) and 

evaluate its therapeutic outcome using both in vitro and in vivo models as well as 

toxicity analysis. 
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CHAPTER 2 

REVIEW OF LITERATURE 

 

“This chapter deals with the literature reviews of noscapinoids, applications of 

Noscapinoids as potential anticancer agent in combination with docetaxel.” 
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Cancer remains the second deadly disease worldwide after cardiovascular diseases. 

According to recent estimates from WHO in 2018, cancer accounts for an estimated 10 

million deaths globally, particularly in low- and middle-income countries (de Martel et al., 

2018; Global Initiative for Cancer Registry Development, 2020). Both external factors such 

as overuse of tobacco products, alcohol, and unhealthy foods, as well as internal factors, 

such as genetic mutation and hormonal disorders, are the primary causes for cancer 

(Zakhari, 1997). Due to uncontrolled cell proliferation and in the absence of cell death, an 

irregular clump of cells, known as tumors, are developed which expand and metastasize to 

other parts of the body, leading to complications and at times, mortality.  

Chemotherapy, hormone therapy, immunotherapy, cancer vaccine, and biological 

therapies are the major systemic treatment options widely used for metastatic cancers, while 

surgery and radiotherapy are the key procedures used for non-metastatic cancers (Wu and 

Chang, 2010; Arruebo et al., 2011; Schirrmacher, 2019). According to National Cancer 

Institute (NCI) fact sheet, these frontline therapies rely on the states and localization of 

cancer. In particular, these treatment modalities are frequently accompanied by severe side 

effects including genotoxicity, restricted bioavailability, rapid clearance, and limited effect 

on metastasis. The most commonly used treatment modalities include chemotherapy in 

which chemical agents have shown promising results either alone or in combination. The 

chemical agents used in chemotherapeutics include inhibitors of topoisomerase, protein 

kinases, DNA-binding drugs, and tubulin-binding agents. As an example, doxorubicin, 

carboplatin, cisplatin, docetaxel, and paclitaxel, etc, are commonly used in clinics, but these 

agents also have constraints such as cost, side effects, and toxicity to normal healthy cells 

(Herzog, 2004; Bayat et al., 2017; Liu et al., 2020; Liu et al., 2015). 

It is becoming obvious that some chemotherapeutic agents, such as docetaxel 

(derived from the needles of the European yew tree) have multiple effects and interfere with 
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some processes involved in the development and metastasis of cancer cells (Beer et al., 

2003; Yared and Tkaczuk, 2012). Various tumors have distinct abnormalities in the 

signalling and growth-stimulation pathways. Understanding the complexities of the 

mechanism of action of docetaxel in combination with the molecular and genetic changes 

within a specific tumor may improve therapeutic outcomes in the future.  

 Docetaxel has been reported to have a wide range of antitumor activity. For 

example, docetaxel demonstrated 1.3 to 12 fold greater cytotoxicity relative to paclitaxel in 

several murine and human tumor cell lines. The wide range of activity in vivo with murine 

tumor models and human tumor xenografts produces a similar trend. In addition, docetaxel, 

unlike paclitaxel, demonstrates linear pharmacokinetics and is stored intracellularly for a 

longer duration due to variations in drug efflux. Docetaxel is highly effective as 

monotherapy and combination therapy across a variety of tumor types, including breast, 

lung, ovarian, head and neck, gastric, and prostate carcinomas (National Centre for 

Biotechnology Information 2021; Figgitt and Wiseman, 2000). However, primarily because 

of the poor solubility of these compounds, their clinical use has been somewhat cumbersome 

and expensive. Also, these drugs are plagued with serious toxicity (particularly, peripheral 

neuropathies, gastrointestinal toxicity, myelosuppression, and immunosuppression) owing 

to their non-selective action and extreme over polymerizing or depolymerizing effects on 

microtubules. Besides, a variety of chemotherapy agents have been successfully developed 

and tested at the preclinical level (Cortes and Pazdur, 1995; Eisenhauer and Vermorken 

1998; Ojima et al., 2016).  

2.1. History of noscapine 

In 1817, two natural compounds, codeine, and noscapine were extracted from opium 

poppy by Pierre-Jean Robiquet, a prominent French pharmacist and professor at the Paris 

Ecole de Pharmacie, a Fellow of the Academie Royale des Sciences (Warolin, 1999). 
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Noscapine has been identified as a non-narcotic alkaloid and was formerly known as 

narcotine, anarcotine, or gnoscopine. Earlier pharmacological experiments sought to 

describe its analgesic (pain-relieving) properties (Rida et al., 2015; National Centre for 

Biotechnology Information, 2021). It was found to have a very mild analgesic effect (Laties, 

2003). However, when taken with morphine, it works synergistically to improve the sedative 

effects of morphine (Stone et al., 2014) by threefold (Hosseininejad et al., 2017). In addition, 

noscapine did not induce constipation, unlike other opium alkaloids including morphine, 

codeine, and papaverine (Malekzadeh et al., 2013). Nevertheless, large clinical applications 

of noscapine were discovered over the years (Figure 2.1). 

 

Figure.2.1. Timeline of noscapine-related discoveries. (A) 1803: Jean-Franҫois Derosne 
separates a noscapine-containing salt that he calls “narceine” from poppies. (B) 1817: 
Pierre-Jean Robiquet purifies noscapine from Derosne’s salt. (C) 1895–1930: Noscapine 
was widely used as an antimalarial (D) 1930: The antitussive action of noscapine was 
discovered. (E) 1954: Hans Lettr é describes “narcotine” as a weak mitotic poison (F) 1997: 
Noscapine’s ability to antagonize dopamine biosynthesis in PC12 cells was discovered. 
(G) 1998: Mouse models reveal the in vivo anticancer activity of noscapine against various 
malignancies. (H) 2003: Noscapine’s antistroke activity was discovered. (I) 2003: 
Brominated noscapine analogue was synthesized. (J) 2006: A variety of noscapine halo 
derivatives were synthesized and characterized. (K) 2006: A nitro-derivative of noscapine 
was synthesized. (L) 2010: Brominated noscapine analogs were found to induce autophagy 
in macrophages and prostate cancer cells. (M) 2010: Experiments reveal that noscapine 
may have therapeutic value in polycystic ovarian syndrome. (N) 2011: Amino-noscapine 
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was synthesized and characterized. (O) 2011: Poly (ethylene glycol)-grafted gelatin 
nanoparticles customized to deliver noscapine intracellularly with long-circulating half-
lives were synthesized and characterized. (P) 2011: Second-generation benzofuranone 
ring-substituted derivatives of noscapine analogs were synthesized and characterized. (Q) 
2014: Third-generation water-soluble derivatives of noscapine were synthesized and 
characterized. (R) 2015: Inhalable nanostructured lipid particle containing a brominated 
noscapine derivative was synthesized and characterize (Source: from Rida et.al, 2015). 
 
 

In 1930, the antitussive effect of noscapine was discovered. Since then, it has been 

used as an antitussive drug in the clinic and for the treatment of bronchial asthma (Bolser 

2006; Ukena et al., 2008; Bateman et al., 2008; Mahmoudabad, & Rahimi-Moghaddam, 

2009). It is administered orally in the form of tablets, lozenges, or syrup, or in a rectal 

suppository form. 

 

2.2. Noscapine as an anti-cancer agent 

The cytotoxic effect of noscapine was first discovered in 1954 (Lettre, 1954). Similar 

studies were also reported by National Cancer Institute, the United States in 1958. However, 

further findings failed to demonstrate substantial in vivo antitumor activity until a group led 

by Prof. Harish Joshi, at Emory University School of Medicine, Atlanta, Georgia has 

identified its anticancer activity in 1998 (Ye et al., 1998). It was also demonstrated that 

noscapine interferes with microtubules and induces apoptosis in cancer cells (Ye et al., 

1998). The research work done by the scientists at Emory University on noscapine has very 

significant consequences. They were able to reduce the size of breast cancer tumors 

implanted in mice by 80 % within three weeks by treating animals with noscapine. Similar 

studies were also carried out with mice implanted with a tumor of human bladder cancer 

and against the murine lymphoid tumor. The authors concluded that noscapine decreases 

tumor size quite significantly, with no apparent weight loss or any tissue toxicity observed 

after treatment with noscapine (Ye et al., 1998). In addition, an oral dosage of noscapine did 

not hinder primary immune response, which is critically dependent on lymphoid cell 
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proliferation. It was revealed that noscapine has the potential to be an important 

chemotherapeutic agent for human cancer treatment (Ke et al., 2000). 

 

  Consequently, experiments were conducted to assess the efficacy of noscapine 

against other cancer types. It includes ovarian cancer (Zhou et al., 2002), malignant 

melanoma (Landen et al., 2002), bladder cancer (Ye et al., 1998), and glioblastoma 

(Landen et al., 2004). To determine the exact mechanism by which noscapine prevents the 

division of cancer cells, comprehensive experiments were performed by Dr. Joshi and his 

team and published in numerous medical journals (Zhou et al., 2002; Zhou et al., 2002; Ye 

et al., 2001). 

 

2.3. Development of noscapine analogs as potential anticancer agents 

To improve the anticancer activity of noscapine various analogs have been designed 

and chemically synthesized (known as noscapinoids). Some of these derivatives have far 

better lists of treatments and better pharmacological profiles than the parent compound. 

Currently, more than three generations of noscapinoids have been developed, chemically 

synthesized and their anticancer activities have been experimentally studied against cancer 

cells of different tissue origin (Aneja et al., 2006; Santoshi et al., 2011; Naik et al., 2011; 

Mishra et al., 2011). These generations of noscapinoids represent chemical modifications of 

the functional groups of noscapine that have been demonstrated to significantly attenuate its 

biological activity. 

 

2.3.1. Halogen and Cyclic ether derivatives of noscapine 

 These derivatives of noscapine were developed by substitution of halogen groups at 

the 9th position of noscapine (Figure 2.2). These derivatives were demonstrated to have a 
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better therapeutic effect compared to noscapine. For example, 9'-bromonoscapine (9'-Br-

Nosc) and reduced 9'-bromonoscapine (Rd 9'-Br-Nosc) were able to bind more effectively 

to tubulin and were able to prevent mitosis at a much lower effective dose (ED50) than the 

parent compound noscapine. In certain cell lines, they showed as high as 20 to 40 times 

more potency than noscapine (Aneja et al., 2006; Naik et al., 2011).  

 

Figure 2.2. Halogenated noscapinoids: ‘a’ represents bromine water and hydrogen bromide 
for bromo noscapine; sulfuryl chloride and chloroform for chloro noscapine; fluorine, 
Amberlyst-A (a slightly basic resin with alkyl amine functionality), and tetrahydrofuran for 
fluoro noscapine; and pyridine–iodine chloride and acetonitrile for iodo noscapine. 
 

 A large spectrum of biological activity was also demonstrated by these compounds. 

Among, the groups of noscapinoids, halogenated noscapinoids are implemented for their 

impact on the proliferation of cancer cells, antitumor potency, and associated risks (Aneja 

et al., 2006). These compounds were formulated by halogenating noscapine through 

chemical challenges as outlined in Figure 2.2. These compounds were demonstrated to arrest 

cell mitosis at the G2/M phase with more efficacy than noscapine, leading to selective cancer 

cell apoptosis (Mukhtar et al., 2014; Manchado et al., 2012). The computational blind 

docking approach revealed a binding site at the interface of α- and β- tubulin, overlapping 

with colchicine binding site for the noscapine and its derivatives with tubulin (Naik et al., 

2011). A cyclic ether derivative of 9’-fluoronoscapine (Figure 2.3) was synthesized by 

Aneja et al., in the year 2007. It was found to be a promising anti breast cancer agent (Aneja 

et al., 2007). It arrested the cell cycle at the G2/M phase and induced apoptosis. The cyclic 
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ether derivatives of noscapine were chemically synthesized by reduction of noscapine in 

presence of boron trifluoride dietherate, and adding to it dropwise a solution of sodium 

borohydride in dry THF at 0 ˚C. 

 

Figure 2.3. Cyclic ether halogenated derivatives (viz. reduced 9-fluoronoscapine (Rd-9-F-
nos); reduced 9-chloronoscapine (Rd-9-Cl-nos); reduced 9-bromonoscapine (Rd-9-Br- nos) 
and reduced 9-iodonoscapine (Rd-9-I-nos)) of noscapine. These derivatives were 
synthesized from the halogenated derivatives. 
 
 
2.3.2. Nitro-derivative of noscapine 

The nitro-derivative of noscapine (Figure 2.4) was developed by adding a nitro 

group at the C-9’ position of the isoquinoline ring of noscapine (Aneja et al., 2006). It 

inhibits the proliferation of ovarian cancer cells of paclitaxel-resistant mutant cells, human 

lymphoblastoid cells, and their vinblastine- and teniposide-resistant variants (Aneja et al., 

2006). Further, it blocks the cell cycle progression at the G2/M phase and induced apoptosis 

in cancer cells. Surprisingly, there was no substantial inhibition of the proliferation of 

normal human fibroblast cells (Aneja et al., 2006; Otto & Sicinski 2017). 
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Figure 2.4. Nitro noscapine (9-Nitro-noscapine) is a product of aromatic nitration of 
noscapine in the presence of silver nitrate in trifluoracetic anhydride and acetonitrile (Aneja 
et al., 2006). (Synthetic scheme of nitro-noscapine) 

 

2.3.3. Azido-derivative of noscapine 

The azido-derivative of noscapine (Figure 2.5) was developed by adding an azido 

group at the C-9’ position of the isoquinoline ring of noscapine. It has been illustrated as 

superior efficacy in killing human acute lymphoblastic leukemia cells (Santoshi et al., 

2011). 

 

Figure 2.5. Azido noscapine: Azido noscapine (9-azido noscapine) was synthesized by first 
converting noscapine to bromo noscapine followed by treatment with sodium azide     and 
sodium iodide. 

 

2.3.4. Amino derivative of noscapine 

The amino-derivative of noscapine (Figure 2.6) was developed based on the binding 

free energies of various noscapinoids, estimated in combination with a surface generalized 

Born (SGB) continuum solvation model using the linear interaction energy (LIE) method 

(Naik et al., 2011). The assessment of the binding free energy revealed that amino noscapine 

binds tubulin more strongly than the parent compound. It inhibits the proliferation of cancer 
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cells of different types more effectively compared to noscapine (Naik et al., 2011). However, 

it did not directly influence the extent of polymerization/depolymerization of tubulin 

subunits. 

  

 

Figure 2.6. Amino noscapine: Amino noscapine (9-amino noscapine) possesses an amine 
group at the 9-position of the quinoline ring and is synthesized from azido noscapine (Aneja 
et al., 2006). 
 
 
2.3.5. Biaryl type derivatives of noscapine  

As per the earlier literature, natural -noscapine has biaryl binding sites, which 

shows close similarity to colchicine. Colchicine's use as an anticancer agent is strictly 

limited because of its toxic side effects. Only a few natural products with biaryl architectural 

design are potent antimitotic agents that affect the tubulin-microtubule steady state (Figure 

2.7). 
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Figure 2.7. Biaryl pharmacophore is a major structural component of natural and synthetic 
derivatives that act as microtubule targeting agents. 
 

Inspired by this, many novel biaryl type -noscapine congeners were developed by 

implementing biaryl ring architecture into the natural -noscapine skeleton and testing them 

as anticancer agents (Manchukonda et al., 2014). It was revealed that all of the newly 

designed biaryl noscapine analogs (figure 2.8) bind to tubulin with a higher affinity than 

that of the parent molecule and were found very promising for a variety of cancer types 

(Manchukonda et al., 2014).  

 

 
Figure 2.8. Biaryl derivatives of noscapine. 
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2.3.6. Benzofuranone ring substituted noscapinoids 

The 2nd generation noscapine analogs (Figure 2.9) were developed by chemical 

alteration at diversity point ‘C’ of parent noscapine (Aneja et al., 2006; Mishra et al., 2011; 

Naik et al., 2012; Anderson et al., 2005). These analogs were also revealed better activity 

compared to noscapine. These derivatives inhibit the assembly of microtubules in a 

concentration-dependent manner and have shown effective in inhibiting the proliferation of 

lymphoma and cell lines of lung, breast, prostate, and pancreatic cancer.  

 

Figure 2.9. Benzofuranone derivatives of noscapine, the second generation of noscapinoids 
a depicts sodium azide/sodium iodide, dimethylformamide (DMF) at 140֯ C, 4h b, represents 
dimethylamino pyridine, acetic anhydride, acetonitrile at 50 ֯ C, 6h for compound 3 
potassium carbonate, dimethylformamide and benzyl chloride at 80֯C, for 8 h for compound 
4. c, represents Dimethylamino pyridine, dichloromethane and isocyanate at room 
temperature for 6-8 h.  
 
 
2.3.7. Targetin–folate conjugated noscapine 

 For the targeted delivery of noscapine specifically to aggressive tumor cells, 

noscapine was conjugated with a folate group at the C-9 position (Figure 2.10) (Naik et al., 
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2012). The folate group is a natural ligand for cellular folate receptor alpha (FRα), which is 

over-expressed on some solid tumors such as ovarian epithelial cancers (Ross et al., 1994; 

Parker et al., 2005). Conjugation of noscapine with the folate group significantly improved 

the uptake of noscapine to cancer cells (Naik et al., 2012).  

 

Figure 2.10. Molecular structure of Folate-noscapine (Targetin). 
 

2.3.8. Third-generation noscapinoids 

The third generation of noscapinoids were obtained by inducing structural 

modification at diversity point D of noscapine (Figure 2.11) based on the insights obtained 

from the previous generations of noscapinoids (Manchukonda et al., 2013). Similar to 

previously reported derivatives, third-generation noscapinoids have comparable or 

enhanced binding affinities. In addition, these congeners of noscapine were demonstrated 

strong cytotoxicity to a number of cancer cells of different tissue origins (Manchukonda et 

al., 2013). These compounds have delayed the progression of the cell cycle at the G2/M 

stage and induced apoptotic cell death in cancer cells. For this sequence of compounds, the 

apoptotic indices were substantially greater compared to noscapine. 
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Figure 2.11. Chemical synthesis of third generation noscapinoids from noscapine as starting 
material. (i) a, meta-chloroperoxybenzoic acid and dichloromethane; b, 2N hydrochloric 
acid; c, Iron (II) Sulfate Heptahydrate; (ii) Bromo methane, potassium iodide, K2Cr3, and 
Acetone. 
 
 
2.4. Molecular mechanism of action of noscapine 

    Noscapine binds to tubulin and alters tubulin conformation, suppresses the 

dynamics of microtubule assembly, blocks cell cycle progression at mitosis, and then 

cause apoptotic cell death in many cancer cells types (Ye et al., 1998; Landen et al., 

2002; Zhou et al., 2002a; Zhou et al., 2002b; Zhou et al., 2003). From a pharmacological 

perspective, noscapinoids are arguably the most eminent microtubule drugs, effective 

against multidrug-resistant cancer cell lines (Zhou et al., 2003), affect cancer cells 

differently than the normal diving cells (Landen et al., 2002), have a better 

pharmacokinetic profile (Aneja et al., 2007) with no significant side effects (Aneja et al., 

2007; Sharma et al., 2010). Since the discovery of the therapeutic properties of 

noscapine, new findings related to its activities and its mechanisms of action have been 

unveiled. Previously it was shown that noscapinoids binds to tubulin and alters 

microtubule dynamics in vitro and in vivo (Ye et al., 1998; Zhou et al., 2003). However, 

where noscapinoids bind specifically to tubulin is still not known. The best way to 

understand the site of interaction of ligand-receptor is to obtain the crystal structure and 
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this has not been successful so far. This is so far only possible for drugs that stabilize 

microtubules (Nogales 1998; Ravelli et al., 2004; Nettles, 2004).  

   Noscapine has a different mode of action for activation of apoptosis during 

cell cycle progression, one of them is the activation of cyclin-dependent kinase pcdc2. 

Noscapine induced apoptosis in murine cell carcinoma by activating p34cdc2. The role 

of p34cdc2 in the cell cycle has been studied by Ye et al., (1998) and found that 

prolonged activation of the kinase induces the cell to be mitotically arrested and it was 

also reported that the kinase has a major role in apoptosis induced by noscapine (Pucci 

et al., 2000). The JNK pathway also called the c-Jun-N-terminal kinase pathway, is a 

cassette of the MAPK signaling pathway (Yan et al., 2016). The pathway activates 

during the number of cellular responses one of them is stress-induced apoptosis. 

Activation of JNK during apoptosis by microtubule targeted drug has been reported in 

paclitaxel resistance cancer cell line.  

    Tumor cells are hypoxic in nature which expresses HIF-1α, a transcription 

factor activated by hypoxia. Studies reported that dimer of HIF-1α and HIF-β induces 

angiogenesis (Ziello et al., 2007). HIF-1α induces the expression of an angiogenetic 

promoter like vascular endothelial growth factor (VEGF). Suppression of HIF-1α and 

subsequent inactivation of VEGF by noscapine have also been reported (Zhang & Luo, 

2018; Rida et al., 2015; Newcomb et al., 2006). Another angiogenetic promoter is NF-

κB, further, it has been reported that the pathway involves chemoresistance to certain 

cancer cells and finds the noscapine induced inactivation of NF-κB signaling along with 

TNF, IKK, VEGF as well as MMP-9 (Pucci et al., 2000). The antagonistic effect of 

noscapine in fibrosis of human lungs fibroblast culture cells has been reported by (Kach 

et al., 2014). It has also been reported that treatment with noscapine increases in caspase 

level that leads to DNA fragmentation and apoptosis in various types of cancer cells 
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(Abotaleb et al., 2018; Liu et al., 2019) by altering the ratio of pre apoptotic (BAX) and 

apoptotic protein (BCL2). 

 

2.5. Combination therapy of noscapine with currently use tubulin binding drugs 

   Combination therapy using microtubule-targeted drugs is an exciting source of 

chemotherapeutic wealth due to the presence of diverse drug binding sites on tubulin. It 

suggests that a rational combination of two or more drugs of this class might be able to 

enhance the anti-cancer efficacy and reduce toxic side effects, thereby improving the 

therapeutic index. The general rationale for employing combination therapy is twofold. 

Firstly, when multiple drugs with different molecular targets are applied, the cancer 

adaptation process such as cancer cell mutations can be delayed. Secondly, when 

multiple drugs target the same cellular pathway, they could function synergistically for 

higher therapeutic efficacy and higher target selectivity. The combination regimes used 

clinically are categorized based on their mechanisms of action that include: (1) the 

combination of non-specific small molecular chemotherapeutic agents and (2) the 

combination of target-specific biological and small molecular chemotherapeutic agents 

(Masui et al., 2013). Taxanes are another class of chemotherapeutic agents, extracted 

initially from natural sources and then synthetically derivatized, like paclitaxel (Taxol), 

Docetaxel, and Taxotere (Nabholtz et al., 2000; Ojima, et al., 2016).  

 

  Taxanes have a mechanism of action to interrupt the role of microtubules. For cell 

division, microtubules are necessary and taxanes stabilize the microtubule, thus inhibiting 

the process of division of cells (Stanton et al., 2011). Taxanes experience difficulty in 

pharmaceutical formulation due to their low water solubility and this also results in reduced 

bioavailability. In addition, their clinical utility is limited due to the development of 



Chapter II │Review of Literature 

 

 

 

49

associated severe side effects. In contrast, noscapine is a safer orally active antimicrotubule 

agent that showed in vitro and in vivo antitumor activity against a variety of cancers 

including tumors resistant to conventional antimicrotubular agents without any significant 

side effects (Ye et al., 1998; Laden et al., 2002; Zhou et al., 2003). 

           Previously, noscapine has been used in combination with platinum analogs for the 

evaluation of anticancer activity (Chougule et al., 2011). Also, it was demonstrated, the 

use of noscapine in augmenting cisplatin's antitumor activity in vitro and in vivo, against 

lung cancer (Chougule et al., 2011). Similarly, noscapine was used in combination with 

doxorubicin for the management of triple-negative breast cancer and with fewer adverse 

side effects as compared to the conventional chemotherapeutics regimens based on in 

vitro and in vivo study (Chougule et al., 2011).  

                 Drugs that target microtubules, such as taxols, are important chemotherapeutic 

drugs in the clinical management of breast cancer. However, these drugs are plagued 

with serious toxicity. Besides, patients have developed resistance against taxols, 

suggesting a need for anti-microtubule agents that have no severe side effects. It is 

becoming well-appreciated that a toxic drug at its maximum tolerated dose given 

intermittently is not necessarily better and there exists an opportunity to reduce its dose 

levels by using combinatorial regimens of drugs that have either different targets or 

different binding sites onto the same target. Thus, in this study, we are approaching 

breast cancer therapy by developing a promising analog of noscapine that is non-toxic 

to normal tissues and by optimizing its synergistic combination with docetaxel for better 

therapeutic outcomes.  
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CHAPTER 3 
 

MATERIALS AND METHODS  

 

“This chapter deliberates the synthesis of the promising derivatives of noscapine, their 
characterization, and optimizing its synergistic combination with docetaxel. The 
experimental techniques used in the study involved in silico approach, in vitro biochemical 
and cellular analysis as well as in vivo animal models for the analysis of the anticancer 
activity of noscapinoids alone and in combination regimen with docetaxel” 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter III │ Materials and Methods 

 51

3.1. Design of noscapine derivatives 

           Several derivatives of noscapine have been developed previously, which are at a 

different level of preclinical and clinical trials. The availability of several derivatives along 

with their experimental activity can be utilized to develop several new derivatives through 

structure-activity relationship study. We approach to chemically synthesized a panel of 

novel derivatives of noscapine by derivatization at different site points of the noscapine 

followed by experimental evaluation in single as well as in combination regimen with 

docetaxel. 

 

3.2. Protein preparation 

The co-crystal structure of the tubulin with derivative of noscapine (amino-

noscapine), PDB ID: 6Y6D (resolution 2.20 Å) (Oliva et al., 2020) was used for molecular 

docking and rescoring. A complex consisting of both 'α' and 'β' chains of the protein was 

acquired after a manual inspection and cleaning of the structure. The errors in the PDB 

files were removed as per the procedure reported earlier (Santoshi and Naik, 2014). The 

hydrogen atoms were added and the protein structure was prepared using protein 

preparation wizard (Schrodinger software package). All water molecules have been 

removed from the complex. The multi-step Schrödinger Protein Preparation tool (PPrep) 

was used for final protein preparation. PPrep neutralizes side chains that are not close to 

the binding cavity and do not participate in salt bridges. This step is then followed by 

constrained minimization of co-crystallized complex, which redirects side chain hydroxyl 

groups and mitigates potential steric clashes. Exponentially weaker restraints (tethering 

force constants 3, 1, 0.3, 0.1) were applied to non-hydrogen atoms only. The complex 

obtained was energy minimized using OPLS 2005 force field with Polack-Ribiere 

Conjugate Gradient (PRCG) algorithm (Polak and Ribiere, 1969). The minimization was 
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stopped either after 5,000 steps of minimizations or after the energy gradient converged 

below 0.001 kcal/mol. 

 

3.2.1. Ligand preparation 

The molecular structures of noscapine derivatives such as Br-noscapine (Br-Nos), 

Amino-noscapine (Amino-Nos), Br-trimethoxy benzyl-noscapine (Br-TMB-Nos), N-3-Br-

Benzyl-noscapine (Br-Bn-Nos), 9-vinyl phenyl-Noscapine (VPN-Nos) and 9-Pyridyl-3-

boronic acid noscapine (PYBA-Nos) were built using the builder feature in Maestro 

(Schrodinger software package). All these structures were energy minimized using 

macromodel (Schrodinger software package) with OPLS 2005 force field. Polak-Ribiere 

Conjugate Gradient (PRCG) algorithm. Complete geometric optimization of these 

structures was performed using Jaguar (Schrodinger software package). Hybrid density 

functional theory with Becke’s three-parameter exchange potential and the Lee-Yang-Parr 

correlation functional (B3LYP) (Lee et al., 1988; Becke, 1993) and 3-21G* basis set 

(Binkley et al., 1980; Gordon et al., 1982; Pietro et al., 1982) were used for geometric 

optimization. Using ligprep (Schrodinger software package), each structure was assigned 

an appropriate bond order. A number of structures with different ionization states, 

tatomers, stereochemistry and ring conformations were generated by ligprep utility from 

each input structure. This program automatically generated all possible stereoisomers 

(default value of 32 was used) for each ligand. In addition, with the support of ligprep, a 

unique low-energy ring conformation for each stereoisomer with correct chirality was 

generated. These geometrically optimized structures of noscapine derivatives were used 

for Glide (grid-based ligand docking with energetics) docking. 
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3.2.2. Molecular docking 

  Molecular docking of noscapine derivatives and docetaxel with their respective 

binding sites was performed using the ‘‘Extra Precision’’ (XP) mode of Glide docking 

(Friesner et al., 2004; Halgren et al., 2004) (version 4.5, Schrodinger Inc.). The detailed 

algorithm of Glide docking has been reported earlier (Friesner et al., 2004; Halgren et al., 

2004). Briefly, Glide approximates a systematic search of positions, orientations, and 

conformations of the ligand in the receptor binding site using a series of hierarchical 

filters. The shape and properties of the receptor are represented on a grid by several 

different sets of fields that provide progressively more accurate scoring of the ligand pose. 

Two concentric cubes were specified at the binding site: the bounding box, which must 

include the center of mass of any appropriate ligand pose, and the enclosing box, which 

must encompass all the atoms of the ligand pose in order to effectively dock into the 

binding site. During the docking process, Glide also conducted conformational searches 

for each input structure. A set of initial ligand conformations were generated through an 

exhaustive search of the torsional minima and the conformers are clustered in a 

combinatorial fashion. Each cluster characterized by a common conformation of the core 

and an exhaustive set of side chain conformations is docked as a single object in the first 

stage. The search begins with a rough positioning and scoring phase that significantly 

narrows the search space and reduces the number of poses to be further considered to a 

few hundred. These selected poses are energy minimized on precomputed OPLS-2005 van 

der Waals and electrostatic grids for the receptor. In the final stage, the 5–10 lowest-

energy poses obtained in this fashion are subjected to a Monte Carlo sampling in which 

nearby torsional minima are examined and the orientation of peripheral groups of the 

ligand is refined. The minimized poses are then rescored using the GlideScore. In this 

work, an inner grid box of 12Å x 12Å x 12Å was defined to confine the mass center of the 
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docked ligand. Besides, an enclosing grid box of size ≤ 24Å in comparison to the co-

complex ligand, amino noscapine in the crystal structure was defined which occupied all 

the atoms of the docked poses. The scale factor of 0.4 for van der Waals radii was applied 

to atoms of protein with absolute partial charges less than or equal to 0.25. The algorithm 

generated 10000 poses, out of which only 1000 poses were used for the minimization 

(conjugate gradients), and the final refined structures having the lowest energy 

conformations were evaluated for the favourable Glide docking score. Energy 

minimization protocol included a dielectric constant of 4.0 and 1000 steps of conjugate 

gradient minimizations. Upon completion of each docking calculation, 100 poses per 

ligand were generated and the best docked structure was chosen using a Glide Score 

(Gscore) function. Glide Score is a more advanced variant of ChemScore (Eldridge et al., 

1997) with components focused on force fields and additional terminology that account 

for solvation and repulsive interactions. Using a model energy score (Emodel), which 

combines the energy grid score, Gscore and the ligand's internal strain, the selection of the 

best pose is made. Owing to its high accuracy, Glide docking is extensively used by 

pharmaceutical industries and research institutions to analyze drug-target interactions and 

to design potential drug candidates with enhanced activities (Perola et al., 2004; Zhou et 

al., 2007; Cross et al., 2009; Li et al., 2010). A single best conformation for noscapinoids 

and docetaxel was considered based on minimum docking score for MD simulation 

(Snyder et al., 2001). 

 

3.2.3. Molecular dynamic simulations 

Co-complex of tubulin with both noscapinoids and docetaxel 

(Tubulin+Noscapinoids+Docetaxel) were obtained from co-docking of docetaxel (DOX) 

and noscapinoids onto tubulin heterodimer (complex_1). GTP, GDP and magnesium ions 
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were retained in the complex. Similarly, co-complex of tubulin-noscapinoids (complex_2) 

and tubulin_DOX (Complex_3) were obtained by removing atoms of DOX and 

noscapinoids from complex_1, respectively. Complex 4 with tubulin only, without DOX 

and noscapinoids, was also obtained. All simulations were performed using Amber 16 

simulation suite (Case et al., 2016; Wang et al., 2006). The parameters for all ligands such 

as DOX, Br-Bn-Nos, VPN-Nos, PYBA-Nos, Br-Nos, Amino-Nos, Br-TMB-Nos, GTP 

and GDP were estimated using Antechamber program of Amber 16 suite (Wang et al., 

2006). All atomic point charges were calculated using AM1-BCC charge model (Jakalian 

et al., 2002). Topologies and internal coordinates for all the complexes were generated 

using tleap program in Amber16. Missing Hydrogens were added and parameters were 

assigned to Protein and ligands using FF14SB and GAFF force-fields, respectively (Maier 

et al., 2015). Each molecular system was neutralized by adding counterions and was 

subsequently solvated using TIP3P water model in a truncated octahedron with the 

distance of 12 Å between the atoms of protein and wall of the box (Jorgensen et al., 1983). 

Once the topologies and internal co-ordinates for all complexes were obtained, three 

rounds of minimization were performed on each complex to relax the system and amend 

the bad contacts. Position restraints of 10 kcal/Å2 and 2 kcal/Å2 were imposed on the 

protein system for the first and the second rounds respectively, to relax the water 

molecules around protein. No restraints were imposed in the third round. After removal of 

bad contacts through minimization, all four molecular systems were equilibrated at 300 K 

and 1 atm for 500 ps. The equilibrated systems were then run for 100 ns each with time 

step of 2 fm. The cut-off for non-bonded interaction was 10 Å, electrostatics was 

calculated using Particle Mesh Ewald (PME) and bonds were constrained using shake 

algorithm (Ryckaert et al., 1977; Darden et al., 1993; Essmann et al., 1995). Langevin 

thermostat was used to regulate the temperature of simulations. Co-ordinates were written 
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every 20 ps to write 5000 frames for each molecular system. CPPTAJ implemented in 

Ambertools was used to analyze trajectories for Root Mean square deviation analyses 

(PTRAJ and CPPTRAJ, 2013). 

 

3.3. Chemical synthesis of noscapine derivatives 

All the derivatives of noscapine were chemically synthesized from the parent 

molecule, noscapine as the starting material. It is a very challenging, tedious and time-

consuming task to synthesize the derivatives of noscapine, due to its highly responsive C-

C bond between isoquinoline and isobenzofuranone ring components which is labile to 

strong acids and base. However, with the amalgamation of proper solvents and taking 

parent noscapine as a starting material we have optimized the reaction conditions without 

affecting the sensitive C-C bond. All the reactions were regulated by thin-layer 

chromatography (precoated silica plates and visualization under UV light). All the 

intermediates and final products were structurally characterized by 1H and 13C NMR 

spectra in CDCl3 on AVANCE-300MHz, 400 MHz, and 500 MHz spectrometer. The high-

resolution spectra were recorded with an ESI source (IICT, Hyderabad) on QSTAR XL 

hybrid MS/MS system (Applied Bio systems/MDS sciex, foster City, USA). The final 

products are mentioned in the respective schemes.  

All reactions were executed with magnetic stirring in oven-dried flasks. Analytical 

thin layer chromatography (TLC) conducted on silica gel GF254 pre-coated plates tracked 

all the experiments. The plates were visualized under UV illumination at 254 nm for UV 

active materials after elution. Further visualization was accomplished with staining with 

PMA and charring on a hot plate. Solvents were extracted in a vacuum and heated at 35 °C 

in a water bath. For column chromatography, silica gel thinner than 200 mesh was used. 

Columns were prepared in hexane as a silica gel slurry and prior to calibrated with the 
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suitable solvent/solvent mixture. Using the suitable solvent method, the compounds were 

loaded conveniently or as a concentrated solution. The elution was supported by applying 

pressure with an air pump. Unless stated otherwise, yields apply to chromatographically 

and spectroscopically homogeneous materials. With the aid of ChemBioOffice 2017, 

appropriate names for all the new compounds were given. Samples were determined with 

a melting point apparatus from Fischer-Johns and are uncorrected. Analytical HPLC 

(SPD-M20A, make: Shimadzu) was used to assess the purity of all compounds (>96%) 

used for biological screening using an eluted ODS column with a gradient acetonitrile-

water mixture. As neat liquids or KBr pellets, IR spectra have been documented and 

absorption in cm-1 is confirmed. NMR spectra were measured in suitable solvents on 300 

(Bruker) and 500 MHz (Varian) spectrometers using TMS as an internal standard or 

solvent signals as secondary standards and chemical shifts on δ scales have been seen. 

Multiplicities of NMR signals are designated as s (singlet), d (doublet), t (triplet), q 

(quartet), br (broad), m (multiplet, for unresolved lines), etc. On a 75 MHz spectrometer, 

13C NMR spectra were obtained. Using ESI-QTOF mass spectrometry, high-resolution 

mass spectrums have been obtained. With a Roudolph Digipol 781 polarimeter at 25 oC, 

optical rotations were analysed. Without further purification, the commercially available 

solvents hexane, CH2Cl2, and EtOAc were used as such. Natural α-noscapine and 

Docetaxel used in this study have been purchased and are used as such from Sigma-

Aldrich. The reaction schemes for the synthesis of noscapine derivatives are mentioned 

below. 
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Chemical synthesis of 9-Bromo-Noscapine:  

 

Reaction Scheme 1. Synthesis of 9-Bromo-Noscapine: Reaction Conditions. (i) 48% HBr, 

bromine water, room temperature, 2h, 90% yield.                                     

(S)-3-((R)-9-bromo-4-methoxy-6-methyl-5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-

g]isoquinolin-5-yl) -6,7-dimethoxyisobenzofuran-1(3H)-one: To a suspension of natural 

α- noscapine (4.0 g, 9.7 mmol) in 48% aqueous HBr  solution (15 mL) was added with 

continuous stirring freshly prepared saturated bromine water (~50 mL) drop wise at room 

temperature until the orange precipitate appeared (~1.0 h). The reaction mixture was 

stirred further at RT for 30 min to attain completion, the reaction mixture was adjusted to 

pH 10 by the addition of 25% aqueous ammonia solution, extracted with chloroform (3 x 

25 mL), dried with anhydrous Na2SO4, evaporated under reduced pressure. The crude 

residue was subjected to silica gel column chromatography eluted with 3:7 Ethyl acetate: 

Hexane (3:7) gave pure 9-bromo-noscapine (4.3g, 90%) as white solid. mp 170oC; [α]D
25= 

-106.8 (c=1, Dichloromethane); 1H NMR (300 MHz, CDCl3): δ 6.96 (d, J= 8.30 Hz, 1H ), 

6.26 (d, J= 8.30 Hz, 1H ), 6.02 (s, 2H), 5.39 (d, J= 4.72 Hz, 1H), 4.27 (d, J= 4.72 Hz, 1H ), 

4.07 (s, 3H), 3.99 (s, 3H ), 3.87 (s, 3H ), 2.83-2.74 (m, 1H), 2.67-2.57 (m, 1H ),  2.51 (s, 

3H), 2.49-2.42 (m, 1H), 2.02-1.91 (m, 1H). 13C NMR (75 MHz, CDCl3): δ 167.9, 152.2, 

147.6, 146.4, 141.1, 139.9, 134.1, 130.2, 119.5, 118.9, 118.2, 117.4, 101.0, 95.5, 81.2, 

62.2, 60.8, 59.3, 56.7, 48.3, 45.1, 25.8. MS (ESI) m/z   492 [M+H] +; HR-MS (ESI) Calcd 

for C22H22NO7Br  [M+H]+:492.0657, found: 492.0636. The 1H-NMR, 13C-NMR and mass 
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spectra (ESI and HR-MS) of the final product, Br-Nos are included as supporting material 

in the appendix. 

Chemical synthesis of 9-Vinyl Phenyl-Noscapine: 

 

Reaction Scheme 2. Reaction Conditions. (i) 48% HBr, Bromine-water, room 

temperature, 2h, (ii) 4-Vinyl boronic acid, Pd (TPP)4, NaHCO3, EtOH/Toluene, 120oC, 48 

h, 62% yield 

(S) - 6,7-Dimethoxy-3- (R) - 4 - methoxy-6-methyl – 9 - (4-vinylphenyl) - 

5,6,7,8 - tetrahydro-[1,3] dioxolo [4,5-g] isoquinolin-5-yl) isobenzofuran-1(3H) - zone 

(9-VP-Nos): To a solution of 9-bromonoscapine (2.0 g, 4.1 mmol) in ethanol/toluene (1:1, 

v/v, 100 mL), Pd(PPh3)4 (0.59g, 0.49 mmol), NaHCO3 (8.2 mmol) and 4-vinylphenyl 

boronic acid (1.25 g, 8.2 mmol) were added sequentially, and the contents were stirred for 

48 h at 120 o C. After the starting material was completely consumed in the reaction 

(judged by TLC), reaction mixture was cooled to room temperature, the solvents were 

evaporated under vacuum. The crude residue was extracted into dichloromethane (3 x 25 

mL) and washed with brine solution. The organic layer was collected and passed through a 

Na2SO4 bed and later removed under reduced pressure. The crude residue was 

chromatographed over a triethylamine silica gel bed, using pet. ether/ethyl acetate (7:3) as 

eluents, to give pure compound as colourless solid. (1.32g) Yield: 62%; m.p: 120-122 oC; 

[α]D
25 120.22 (c = 1, dichloromethane); 1H NMR (300 MHz, CDCl3): δ 7.40 (d, J = 8.24 

Hz, 2H), 7.17 (d, J = 8.24 Hz, 2H), 6.97 (d, J = 8.16 Hz, 1H), 6.74-6.66 (dd, J = 10.81 Hz, 
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17.51 Hz, 1H) 6.10 (s, 1H), 5.98 (s, 1H), 5.91 (s, 1H), 5.74 (d, J = 17.51 Hz, 1H), 5.48 (s, 

1H), 5.25 (d, J = 10.81 Hz, 1H), 4.47 (s, 1H), 4.10 (s, 6H), 3.90 (s, 3H), 2.66-2.54 (m, 4H), 

2.27-2.13 (m, 2H), 1.77-1.64 (m, 1H). 13C NMR (75 MHz, CDCl3): δ 157.9, 152.2, 147.7, 

146.0, 143.6, 140.9, 139.6, 136.7, 133.7, 133.5, 130.7, 130.1, 126.0, 120.4, 117.8, 116.1, 

114.2, 100.8, 81.9, 62.3, 61.1, 59.5, 56.9, 50.8, 46.6, 27.0, 23.2, 29.6. MS (ESI): m/z 538 

[M+Na]+; HRMS (ESI): Calcd for C30H29NO7 [M+Na]+; 538.1841; found: 538.1848. The 

1H-NMR, 13C-NMR and mass spectra (ESI and HR-MS) of the final product, VPN-Nos 

are included as supporting material in the appendix. 

 

Chemical synthesis of 9-Amino-Noscapine: 

The amino-noscapine was synthesized from the lead molecule, noscapine as per 

the method described earlier (Naik et al., 2011; Joshi et al., 2014). First of all, bromo-

noscapine was synthesized from the noscapine by adding hydrobromic acid (~40 mL) and 

bromine water (~250 mL). The bromo-noscapine was converted to azido-noscapine in 

presence of sodium azide (40.63 mmol) and sodium iodide (4.063 mmol). Finally, amino-

noscapine was synthesized from azido-noscapine by adding a solution of SnCl2 in THF 

(10 mL), thiophenol and triphenylamine. The detailed of the synthetic scheme was 

mentioned below.  The amino-noscapine was structurally elucidated based on 1H NMR 

(300 MHz), 13C NMR (75 MHz), HRMS, etc. and are included as supporting information 

in the appendix.  
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Reaction Scheme 3. Synthesis of 9-amino-noscapine. (i) HBr/Bromine water at 25 °C/1h, 

(ii) NaN3/NaI in DMF at 80 °C/15h, (iii) SnCl2/PhSH/Et3N in THF at 25 °C/2h. 

1H NMR (300 MHz, CDCl3) δ 6.93 (d, J= 8.3 Hz, 1H ), 6.10 (d, J=8.3 Hz, 1H ), 5.93 (s, 

2H ), 5.53 (d, J=3.77Hz, 1H), 4.34 (d, J=3.77, 1H ), 4.07 (s, 3H ),  3.90 (s, 3H), 3.85 (s, 3H 

), 3.25 (s, 2H), 2.70-2.59 (m, 1H), 2.53 (s, 3H ),  2.47-2.20(m, 2H), 1.80-1.59 (m, 1H). 13C 

NMR (75 MHz, CDCl3) δ 168.07, 152.10, 147.69, 141.29, 135.34, 134.86, 133.80, 121.88, 

119.88, 118.26, 117.94, 117.69, 117.19, 100.89, 81.70, 62.23, 60.79, 59.62, 56.77, 48.36, 

45.53, 21.00.  IR (KBr) 3437, 3362, 2924, 2853, 1750, 1652, 1615, 1494, 1459, 1388, 

1265, 1159, 1115, 1036, 801, 711, 656, 514, 405.  MS (ESI) m/z 429 [M+H]+; HR-MS 

(ESI) Calcd for C22H24N2O7  [M+H]+:429.1661, found:429.1673. 

 

Chemical synthesis of N-3-Br- Benzyl Noscapine: 

The starting solution of (S)-6,7-dimethoxy-3-((R)-4-methoxy-5,6,7,8 tetrahydro 

[1,3] dioxolo [4,5-g] isoquinolin-5yl) isobenzofuran-1(3H)-one (200 mg, 0.50 mmol) in 

acetone (5 mL), was added to potassium carbonate (1.10 mmol), potassium iodide (0.5 

mmol) and 3-Bromo benzyl bromide (0.55 mmol) and stirred at room temperature (RT) 

for 1 h. The crude reaction mixture was filtered and evaporated under vacuum, water (5 

mL) and dichloromethane (2 X 10 mL) was added, organic layer was dried over Na2SO4 

and concentrated under reduced pressure. The crude residue was purified by the silica gel 

column chromatography with hexane/ethyl acetate (70:30) to yield as solid product. The 

detailed synthetic scheme is mentioned below. The 1H NMR spectra, 13C NMR spectra 

and the ESI mass spectral data of the final product Br-Bn-Nos are included as the 

supporting material in the appendix. 
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Reaction Scheme 4. Reaction Conditions.: (i) a: m-CPBA, DCM; b: 2N HCl; C: 

FeSO4.7H2O; (ii) 3-Bromo benzyl bromide, KI, K2CO3, Acetone, RT, 97% yield. 

(S)-3-((R)-6-(3-bromobenzyl)-4-methoxy-5,6,7,8tetrahydro-[1,3]dioxolo[4,5-

g]isoquino lin-5-yl)-6,7dimethoxyisobenzofuran-1(3H)-one :Yield: 97%; mp 65 °C; 

[α]D25 = 52.0 (c = 1, Dichloromethane); IR νmax (cm-1): 3503, 2940, 2837, 1759, 1621, 

1498, 1387, 1271, 1212, 1039, 891, 785, 695. 1HNMR: (300 MHz, CDCl3): δ 7.40-7.30 

(m, 2H), 7.24-7.09 (m, 2H), 6.99 (d, J= 8.30 Hz, 1H), 6.34 (s, 1H), 6.15 (d, J= 8.30 Hz, 

1H), 5.95 (s, 2H), 5.66 (d, J= 3.96 Hz, 1H), 4.60 (d, J= 3.96 Hz, 1H), 4.17-4.06 (m, 4H), 

4.04 (s, 3H) 3.87, (s, 3H), 3.63 (d, J= 13.78 Hz, 1H), 2.50-2.37 (m, 2H), 2.32-2.19 (m, 

1H), 2.07-1.92 (m, 1H). 13CNMR (75 MHz, CDCl3): δ 168.1, 152.2, 148.5, 147.9, 141.5, 

140.4, 134.0, 131.8, 131.4, 130.0, 129.7, 127.3, 122.2, 118.1, 117.7, 116.6, 102.4, 100.7, 

81.6, 81.1, 62.5, 61.1, 59.5, 59.3, 56.7, 45.4, 26.8. MS (ESI) m/z 568 [M+H] +. HRMS 

(ESI) Calcd for C28H26BrNO7 [M+H] +: 568.41, found: 568.41. 

 

Chemical synthesis of Bromo-Trimethoxy Benzyl-Noscapine:  

To a solution of Br-OH-Nos (2.4 g, 5 mM) in toluene (10 mL) and N-methyl 

pyrrolidone (NMP, 10 mL), was sequentially added sodium hydride 60% in mineral oil 

(0.24 g, 6.0 mM), 3,4,5-trimethoxybenzyl bromide (2.60 g, 10 mM) and a catalytic amount 

of tetrabutylammonium iodide (100 mg) at room temperature. The reaction mixture was 

heated at 70 ˚C for 2 h, cooled to room temperature, and concentrated under vacuum. The 

crude residue was treated with water (20 mL), extracted with diethyl ether (3 x 20 mL), 
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the organic solvent was washed with brine, dried over anhydrous sodium sulfate, filtered 

and rotary evaporated under vacuum. The residue thus obtained was purified over silica 

gel column chromatography eluted with hexane: ethyl acetate (1:5) to give pure Br-TMB-

Nos (2.7 g, 82%) as pale-yellow solid. The structural characterization of Br-TMB-Nos was 

carried out based on Infrared spectroscopy (IR), Nuclear magnetic resonance (NMR) 

spectra (1H-NMR at 300 and 500 MHz, 14C-NMR at 75 MHz), high-resolution mass 

spectra (HRMS) by using ESI-QTOF mass spectrometry. The melting point of the 

compound was measured with a Fischer-Johns melting point apparatus and was 

uncorrected. The compound was HPLC purified to 96% (SPD-M20A, make: Shimadzu) 

using the ODS column eluted with a gradient mixture of acetonitrile-water.  

 

Reaction Scheme 5. Reaction Conditions: (i) Br2-H2O in 48% Aqueous HBr, 2 h, RT, 

90% (ii) NaN3/NaI, DMF, 4 h, 135–140 oC, 75% (iii) 3,4,5 Trimethoxybenzyl 

bromide/NaH/ TBAI, Toluene: NMP (1:1), 70 oC, 2 h, 82% yield.                                             

(S)-3-((R)-9-bromo-4-methoxy-6-methyl-5,6,7,8tetrahydro-[1,3]dioxolo[4,5-g] 

isoquinolin-5-yl)-6-methoxy-7((3,4,5-trimethoxybenzyl)oxy)isobenzofuran-1(3H)-one:  

Mp 76 °C; [α] D25 = -63.7 (c=1, CHCl3).  IR, (KBr): 2941, 2839, 1760, 1593, 1499, 1445, 

1373, 1124, 1035, 1008, 936, 820, 727, 633, 580, 525, cm 1. 1H NMR (500MHz, CDCl3): 

δ 7.01 (d, J=8.24 Hz, 1H), 6.89 (d, J= 6.86 Hz, 1H), 6.87 (s, 2H), 6.24 (d, J= 8.08 Hz, 1H), 

6.03 (d, J= 1.3 Hz, 1H), 6.01  (d, J= 1.3 Hz, 1H), 5.52 (d, J= 4.27 Hz, 1H), 5.32 (q, J= 

11.29 Hz, 2H), 4.34 (d, J= 4.27 Hz, 1H), 3.90 (s, 3H), 3.89 (s, 3H), 3.87 (s, 6H), 3.82 (s, 
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3H), 2.61-2.51 (m, 2H), 2.49 (s 3H), 2.42-2.34 (m, 1H), 1.90-1.81 (m, 1H).  13C NMR 

(125MHz, CDCl3): δ 168.1, 152.9, 152.5, 146.4, 145.8, 141.0, 139.7, 137.4, 134.0, 132.6, 

130.2, 120.1, 118.6, 118.2, 117.6, 105.2, 101.0, 95.5, 81.0, 75.6, 60.7, 60.6, 59.2, 56.7, 

56.0, 48.0, 44.9, 25.6.   MS (ESI) m/z: 659 [M+H] +. HRMS (ESI) Calcd for 

C31H33BrNO10 [M+H] +: 659.21364, found: 659.21084. The 1H-NMR, 13C-NMR and mass 

spectra (ESI and HR-MS) of the final product, Br-TMB-Nos are included as supporting 

material in the appendix. 

 

Chemical synthesis of 9-3-Pyridyl-Noscapine: 

We have chemically synthesized the PYBA-Nos, by coupling of 3-Pyridyl boronic 

acid functionality at the C-9 position of noscapine scaffold. At the starting point of our 

synthetic strategy, 9-bromonoscapine (200 mg, 0.41 μmol) (1) was developed from the 

natural α-noscapine, using bromine water (48% aq. HBr) by modifying the reaction 

conditions. To a solution of 9-bromo noscapine (2) was added ethyl acrylate, Pd(PPh3)4 

(0.049 μmol), sodium bicarbonate (0.82 μmol) and 3-pyridyl boronic acid (0.82 μmol), 

under nitrogen. The reaction mixture was heated at 120 0C for 48 h; post completion, the 

reaction was brought to room temperature under reduced pressure, water (10 mL) was 

added, extracted with dichloromethane (3X25 mL), and combined organic portions were 

washed with water, dried over anhydrous sodium sulphate and concentrated. The crude 

residue was column chromatographed over silica gel, using 25% ethyl acetate in hexanes 

to give pure colourless solid compounds. 
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Reaction Scheme 6: Synthesis of 9-3-Pyridyl noscapine: Reaction Conditions. (i) 48% 

HBr, Bromine water, room temperature, 2h, 90% (ii) 3-Pyridyl boronic acid, Pd(TPP)4, 

NaHCO3, EtOH/Toluene,120oC, 48 h, 62%. 

(S)-6,7-Dimethoxy-3-((R)-4-methoxy-6-methyl-9-(pyridin-3-yl)-5,6,7,8-

tetrahydro[1,3]dioxolo[4,5-g]isoquinolin-5-yl)isobenzofuran-1(3H)-one: Yield: 62%; 

mp: 193 0C; [α]D 25 124.25 (c = 1, dichloro methane); 1H NMR (500 MHz, CDCl3): δ 

8.52 (s, 1H), 8.43 (s, 1H) 7.56 (d, J= 7.64 Hz, 1H), 7.30 (t, J= 6.65 Hz, 1H), 6.98 (d, J= 

8.54  Hz, 1H), 6.12 (d, J= 7.61 Hz, 1H), 5.99 (s, 1H), 5.92 (s, 1H), 5.43 (d, J= 4.74 Hz, 

1H), 4.43 (d, J= 4.74 Hz, 1H), 4.11 (s, 3H), 4.08 (s, 3H), 3.88 (s, 3H), 2.67–2.60 (m, 1H), 

2.55 (s, 3H), 2.22–2.14 (m, 2H), 1.79–1.69 (m, 1H). 13C NMR (75 MHz, CDCl3): δ 167.9, 

152.3, 150.7, 148.36, 147.6, 146.4, 140.7, 140.2, 137.3, 133.7, 130.7, 130.3, 130.2, 123.1, 

120.4, 118.2, 117.5, 100.9, 81.8, 62.2, 61.0, 59.4, 56.8, 50.6, 46.6, 26.8; IR (KBr): 3412, 

2938, 1756, 1637, 1497, 1445, 1273, 1082, 1032, 943, 815, 714 cm-1 ; MS (ESI): m/z 513 

[M+Na]+ ; HRMS (ESI): Calcd for C27H26N2O7 [M+Na]+ ; 513.1637; found: 513.1615. 

The 1H-NMR, 13C-NMR and mass spectra (ESI and HR-MS) of the final product, PYBA-

Nos are included as supporting material in the appendix. 

 

3.4. Cell culture and reagents 

The natural lead compounds, noscapine and docetaxel, were obtained from Sigma. 

All the chemical reagents and media used for cell culture were obtained from Sigma. In 
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this study, a human breast cancer cell line, MCF-7 was used, which was obtained from the 

cell repository of the National Centre for Cell Science Pune, Maharashtra, India. MCF-7 is 

a human breast cancer cell line with estrogen, progesterone and glucocorticoid receptors 

(Horwitz et al., 1975). MCF-7 cells are ideal for in vitro breast cancer studies because they 

preserve some ideal features of mammary epithelial cells, such as estrogen processing in 

the form of estradiol via estrogen receptors (ER) in the cell cytoplasm. In addition to 

retaining estrogen sensitivity, MCF-7 cells are also sensitive to cytokeratin. It is the first 

hormone receptor breast cancer cell line. When grown in vitro, the cell line is capable of 

forming domes and processing estradiol via cytoplasmic estrogen receptors. Growth can 

be inhibited by using tumor necrosis factor alpha (TNF alpha) and treatment of MCF-7 

cancer cells with anti-estrogens can modulate insulin-like growth factor proteins, which 

ultimately have the effect of a reduction in cell growth.  Scientists have found that 

although MCF-7 cells are easy to propagate, they are generally a slow-growing 

population. MCF-7 doubling time is typically 30-40 hours. MCF-7 cells are fairly large 

adherent cells, with a typical cell size measuring 20-25 microns (Camarillo et al., 2014).  

 MCF-7 cells were cultured using DMEM/RPMI medium supplemented with 10 % 

fetal bovine serum (FBS) and growth factors such as EGF (100 mg/ml), Insulin (10 

mg/ml), Hydrocortisone (1 mg/ml) and 1%  antibiotic. All cells were maintained in 5 % 

CO2 humidified chamber. 

  

3.4.1. In vitro assessments of cytotoxicity of designed compounds 

Inhibition of cellular proliferation of MCF-7 was assessed by 3-(4, 5-

dimethylthiazol-2-yl)-2,5, ditetrazolium bromide (MTT). Briefly, MCF-7 cells (3 X 103) 

were seeded into 96 well plates. After post-attachment, the cells were treated with 

different concentrations of noscapine derivatives (VPN-Nos, Br-Bn-Nos, PYBA-Nos, Br-
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Nos, Amino-Nos, Br-TMB-Nos) and docetaxel in single as well as in combination 

regimen and were maintained in complete medium for 48 hr and 72 hr. To estimate the 

viability of cells, we have treated them with 10 μl of MTT (5 mg/ml) for 4 h at 37 ˚C and 

formazan crystals were dissolved in DMSO. Optical density was obtained at 570 nm using 

in a multimode flash reader (Varioskan, Thermo Scientific). The IC50 values for the 

concentration of drugs needed to destroy a 50 % cell have been calculated using the online 

tool Quest GraphTM IC50 Calculator (AAT Bioquest, Inc., Sunnyvale, CA, USA, 

https://www.aatbio.com/tools/ic50-calculator).    

 

3.4.2. Drug combination effect study using isobologram analysis 

The cumulative effect of drugs in terms of additive, synergistic, or antagonistic 

effect is studied by the most classical approach called Isobologram analysis. This method 

has been proven and mathematically demonstrated. As the combinations of noscapinoids 

and docetaxel have been used in a non-constant dose ratio, a normalized isobologram for 

the designed drugs at their ED50 was constructed.  

The fractional inhibitory concentration (FIC) was interpreted by the following 

formula: 

 

The sum FIC value for each of the preparations determined by the following formula was 

used to classify the drug–drug interaction. 

 

Sum FIC < 0.5 represents substantial synergism, sum FIC < 1 represents synergism, sum 

FIC = 1 represents additive interaction, sum FIC ≥ 1 represents antagonism. An 
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Isobologram was plotted to show the drug interaction as per the method proposed earlier 

(Pandey et al., 2016). 

 

3.4.3. Cell cycle analysis using flow cytometer 

In Dulbecco's Modification of Eagle's Medium (DMEM), MCF-7 cells were 

cultivated with 4.5 g/l glucose and L-glutamine, supplemented by 10% bovine fetal serum 

and 1% penicillin/streptomycin. For cell cycle analysis, MCF-7 (1X105) cells were seeded 

in a 6-well culture plate overnight and then the cells were treated with IC50 concentrations 

of noscapinoids (Br-Bn-Nos, VPN-Nos, PYBA-Nos, Br-Nos, Amino-Nos, Br-TMB-Nos) 

and DOX in single as well as in combination regimen. Cells were incubated for 48 hours. 

After specified treatment time, the cells were harvested using trypsin-EDTA, washed with 

phosphate buffered saline (PBS) and fixed in 70% ethanol for 30 minutes. After fixation, 

the cells were washed and stained with staining solution that included RNase (5µg/ml), 

propidium iodide (5µg/ml) and Triton X (0.1%). The cells were analyzed in a flow 

cytometer (FACS Calibur) for the effect of drug treatment on different phases of cell 

cycle.  

 

3.4.4. Apoptosis analysis using flow cytometer 

Choline phospholipids such as phosphatidylcholine and sphingomyelin (PS) are 

exposed to the external leaflet during apoptosis, whereas aminophospholipids 

(phosphatidylserine, phosphatidylethanolamine) are positioned exclusively on the lipid 

bilayer's cytoplasmic surface (Ji et al., 2017). The identification of PS by the 

fluorochrome-tagged 36 KDa anticoagulant protein Annexin V permits apoptotic 

incidence to be reliably calculated. Only in the presence of mM concentrations of divalent 

calcium ions, this probe  reversibly binds to phosphatidylserine residues. Apoptosis in 
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cancer cells has been identified by Annexin-V-FITC detection kit (Sigma –Aldrich,USA) 

based on instruction provided by manufacture.  

MCF-7 cells (5 X 104) were seeded in 35 mm plates. After 24 hours of attachment, 

cells were treated with IC50 concentrations of noscapinoids (Br-Bn-Nos, VPN-Nos, 

PYBA-Nos, Br-Nos, Amino-Nos, Br-TMB-Nos) and docetaxel in single as well as in 

combination regimen and incubated for indicated time intervals at 37 °C in 5% CO2.  The 

cells were then stained with propidium iodide (PI) and Annexin-V-Alexa Fluor 488 (BD 

Pharmingen, San Diego, CA, USA) according to the manufacturer's protocol. Percentage 

of apoptotic cells was assessed using BD FACS Calibur (San Jose, CA, USA). 

 

3.4.5. Morphological examination using DAPI staining  

The nuclear morphology of cells treated with the noscapinoids was evaluated by 

staining the cells with DAPI and imaging with fluorescence microscopy. In brief, MCF-7 

cells (3 x 103 cells) were grown on poly-l-lysine coated coverslips in 6-well plates and 

treated with noscapinoids (Br-Bn-Nos, VPN-Nos, PYBA-Nos, Br-Nos, Amino-Nos, Br-

TMB-Nos) and docetaxel in single as well as in combination regimen for 48 hours. The 

cells were then washed twice with ice-cold PBS. The coverslips were fixed with 70% 

ethanol and stained using DAPI, followed by imaging using an inverted fluorescent 

microscope (Nikon Eclipse Ts2R-FL). Apoptotic cells were identified as changes in 

cellular morphology (e.g., nuclear condensation, membrane blebs formation, and apoptotic 

bodies). 

 

3.4.6. Foci formation assay 

MCF-7 cells (2 x 103 cells) were plated in six-well culture dishes in the presence of 

reduced serum (2%) medium. DMSO was added as a control to the culture medium.  
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Every second day, drugs were replenished, and the assay was carried out for 15 days, as 

previously mentioned (Tiwari et al., 2015; Palanisamy et al., 2010). After staining with 

crystal violet, foci (˃5 μm) were counted under phase contrast Olympus microscope 

(Tokyo, Japan). 

 

Tubulin binding assay to determine the binding affinity of noscapinoid and docetaxel 

in single and in combination doses  

 
3.4.7. Tubulin purification 

Microtubules were isolated and purified from the goat brain through alternative 

cycles of GTP-dependent polymerization and depolymerisation in PEM buffer (50 mM 

pipes, 3 mM MgSO4, 1 mM EGTA, pH 6.8) (Mahaddalkar et al., 2015). The purified 

microtubules were preserved at -80 °C. The purified tubulin was estimated using the 

Bradford method as well as by SDS PAGE (Bradford, 1976).  

 

3.4.8. Tryptophan Quenching Assay 

Tubulin (2 μM) was incubated in a water bath with our test compounds (PYBA-

Nos, Br-TMB-Nos) and docetaxel at a required concentration alone as well as in 

combination with DOX at indicated concentration in PEM buffer (50 mM pipes, 3 mM 

MgSO4, 1 mM EGTA, pH 6.8) for 45 min at 35˚C. The samples were excited at 295 nm 

and emission was measured at 310-400 nm. For the spectrofluorometric titrations a 

FlouroMax ® 4 spectrofluorometer (Horiba Scientific, Edison, NJ) assisted by Fluor 

Essence 3.5 software was used.  
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3.4.9. ANS (8-Anilino-1-naphthalene sulfonic acid)-binding assay 

ANS binding assay was performed to verify the structural integrity of the tubulin in 

presence of the noscapinoids and DOX in single as well as in combination regimen. 

Tubulin (2 μM) was incubated with the desired concentration of noscapinoids and DOX 

alone and in combination regimens at 35 ºC for 30 min in PEM buffer. ANS (50 μM) was 

added and the samples were incubated in dark at 25 ºC for 15 min. The samples were 

excited at 370 nm and the emission was measured at 400–540 nm using a Flourolog 3 

spectrofluorometer (Horiba Scientific, Edition, NJ) assisted by Fluor Essence 3.5 software. 

The assays were repeated two times. 

 

3.4.9.1. In vivo therapeutic efficacy of noscapinoid and docetaxel as single agents and 

in drug combination in inhibiting breast carcinomas in a xenograft model. 

All experimental protocols involved in this study were approved by Institutional 

Animal Ethics Committee of NIPER, Hyderabad (1548/PO/Re/2011/CPCSEA) and 

followed by the guidelines of “Committee for the Purpose of Control and Supervision of 

Experiments on Animals” of Govt. of India. About 8 to 10 weeks old female BALB/c 

athymic nude mice were housed in the Animal Care Facility. Suspensions of 1x106 human 

breast adenocarcinoma estrogen receptor positive cell line MCF-7 cells in 0.2 ml of PBS 

were inoculated subcutaneously into the anterior flank. After 7-10 days when the tumors 

were palpable, treatment of the test compound, PYBA-Nos and Br-TMB-Nos in single as 

well as in combination with docetaxel were administrated by oral gavage. The mice were 

randomly divided into 2 groups. Group-1 (control) consisting of 5 animals received daily 

gavage of vehicle solution (acidified water, pH 4.0) only, whereas group-2 consisting of 

10 animals were treated with 100 mg/kg body weight of our test drugs in the same vehicle 

solution by daily gavage. Tumor volumes were determined on alternative days by 
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measuring tumors in three perpendicular diameters using vernier calipers and their volume 

was determined as П/6 (length x width x height) (Tomayko and Reynolds, 1989). The 

control group of mice was euthanized at day 30 owing to their large tumor volumes—this 

served as the end-point for control animals. Accordingly, this endpoint was used to 

compare tumor size in untreated mice with those administered with our targeted 

compounds.  

 

3.4.9.2. Histopathological and hematological analyses 

On day 30, tumor-bearing mice treated with 100 mg/kg body weight of PYBA-Nos 

and Br-TMB-Nos in single as well as in combination with docetaxel by oral gavage daily 

and untreated tumor bearing mice were given an overdose (0.2 ml) of 3.5% chloral 

hydrate, blood was taken from the heart, and CBC analysis was performed using a CBC 

instrument (CDC Technologies, Oxford, CT). Next, animals were perfused with a 3% 

paraformaldehyde and 2% glutaraldehyde mixture in PBS (pH 7.4) and liver, kidney, 

spleen, lung, heart, brain, intestines and tumor were removed and processed for 

histopathological analysis. Tissues were embedded in paraffin, sectioned and stained with 

hematoxylin and eosin. The tissues were observed under the microscope for toxicity 

evaluation. 
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Chapter 4 

RESULT and DISCUSSION 

 

 

 

“This chapter provides information of the synthesized noscapinoids and its combined effect 
with docetaxel based on their molecular modelling and cellular study. Poor clinical 
prospects of the current chemotherapy have triggered the development of new treatment 
modalities such as combination therapy for breast cancer. The results obtained from 
theoretical prediction were validated through experiments by tubulin-binding assay in 
different conditions.” 
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4.1. Molecular modelling  

According to the earlier reports, it was revealed that noscapine and its derivatives 

bind to tubulin and alters microtubule dynamics both in vitro and in vivo (Ye et al., 1998; 

Zhou et al., 2002a; Zhou et al., 2002b; Landen et al., 2002; Zhou et al., 2003; Checchi et al., 

2003; Aneja et al., 2006; Joshi et al., 2010). Besides, the clinically use chemotherapeutics, 

docetaxel is also reported to bind to tubulin at a different binding site. Noscapinoids bind at 

the interface of α- and β-tubulin (Naik et al., 2011; Oliva et al., 2020), whereas the binding 

of docetaxel was biased to β-tubulin (Snyder et al., 2001). Since both noscapinoids and 

docetaxel bind to tubulin at different sites, we are interested to determine their binding 

affinity when both of them docked at their respective binding site onto tubulin. We have 

performed two cycles of molecule docking with tubulin.  In the first cycle, docetaxel was 

docked onto its binding site and similarly the noscapinoids were docked onto noscapine 

binding site using Glide XP docking (Dash et al., 2020). All the noscapinoids docked well 

into their binding site with docking score ranged from -4.41 to -8.99 kcal/mol (Table 4.1). 

Similarly, docetaxel docked well with a docking score of -6.67 kcal/mol. Further, the 

docking energy for all the noscapinoids vary in between -37.13 to -57.61 kcal/mol. Their 

binding with tubulin was much more favourable with van der Waal interaction with the 

energy score ranged from -28.76 to -45.90 kcal/mol (Table 4.1). 

 

Table 4.1. Molecular docking results (Glide XPscore) and the relevant energy parameters of 
designed derivatives of noscapine and docetaxel in single as well as in combination with 
tubulin.  
 

Ligands 
Glide 
XPscore 

(kcal/mol) 

Glide Evdw 

(kcal/mol) 

Glide  
Ecoul 

(kcal/mol) 

Glide 
Energy 

(kcal/mol
) 

Docetaxel -6.67 -41.63 -8.46 -50.09 
9-vinyl phenyl-Noscapine -4.82 -39.86 -8.16 -48.02 
9-vinyl phenyl-Noscapine + Docetaxel -3.23 -32.83 -9.27 -42.10 
Amino-Noscapine -6.27 -31.16 -5.97 -37.13 
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Amino-noscapine + Docetaxel -3.49 -43.27 -6.46 -49.97 
Br Bn-Noscapine -6.03 -39.07 -5.46 -52.53 
Br Bn-Noscapine + Docetaxel -4.99 -31.67 -8.29 -35.97 
Br TMB-Noscapine -7.24 -42.758 -6.445 -49.202 
Br TMB-Noscapine+ Docetaxel -4.37 -45.902 -11.713 -57.615 
PYBA-Noscapine -8.99 -28.76 -10.19 -51.19 
PYBA-Noscapine + Docetaxel -5.67 -40.99 -9.01 -37.78 
Bromo-Noscapine -4.41 -31.37 -9.65 -41.02 
Bromo-Noscapine + Docetaxel -3.81 -39.44 -16.16 -52.95 

 

The DOX-tubulin complex was taken in the second cycle and all the noscapinoids 

were docked onto the noscapine binding site. Presence of DOX on its binding site interfered 

with the binding of noscapinoids and altered the docking score to -3.23 to -6.03 kcal/mol 

(Table 4.1). The binding of docetaxel induced the conformational changes to tubulin and 

thus influenced the binding of noscapinoids onto their binding site, indicating a combination 

effect of both the ligands. 

4.2. MD simulation of the complex 

The binding of both noscapinoids and DOX with tubulin were evaluated 

independently (Tub-Noscapinoids and Tub-DOX complexes) as well as in combination with 

tubulin (Tub-DOX+Noscapinoids) by a molecular dynamic simulation of 100 ns. To analyse 

the system's stability, the root means square deviations (RMSD) of Cα-atoms were 

computed for all frames over the entire duration of simulation. The fluctuation in the RMSD 

of Cα carbon atoms were very small after equilibration and all of the systems were found to 

be stable after 20 ns of simulation (Figure 4.1a & b). The root mean square fluctuations 

(RMSF) of Cα-atoms were also measured to see if there were any changes in residue 

flexibilities during the entire duration of MD simulation. The residues with higher RMSF 

tend to show more flexibility (Figure 4.2a & b). Both noscapinoids and DOX were found to 

bind with tubulin during the entire duration of the simulation. However, the top most five 

ligand-tubulin complexes based on the lowest total energy from the MD simulation 
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trajectory were obtained to generate the average structure in order to analyse the binding 

mode of ligands. 

 
 

(a) (b) 
 

Figure 4.1. (a) Representative figures of root mean square deviations (RMSD) of Cα carbon 
atoms of tubulin only and in complex with (a) 9-Vinyl-phynyl-Noscapine (VPN) (Tubulin 
+ VPN) and (b) N-3-Br-Benzyl-Noscapine (Tubulin+Br Bn-Nos) in single regimen as well 
as in combination with docetaxel (Tubulin + DOX + VPN, Tubulin + Br Bn-Nos + DOX) 
during 100 ns of MD simulation. The relative fluctuation in the RMSD of the Cα atoms is 
very small after ~ 20 ns of the simulation. The time step of 20fs was used during the 
simulation that generated 5,000 frames which were used to generate the average structure. 
 

Both noscapinoids and DOX were found to accommodate well inside the binding 

cavity. The noscapinoids docked well at the interface of α- and β- tubulin, whereas the 

binding of DOX is biased more towards β-tubulin (Synder et al., 2000; Canales et al., 2011; 

Winefield et al., 2008). Their binding mode with the tubulin was represented in two steps: 

(a) receptor residues that have strong interactions with the ligand, such as a favourable 

hydrogen-bonding interaction, and (b) receptor residues that are close to the ligand, but 

whose interactions with the ligand are weak or diffuse, such as hydrophobic interaction. 
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(a) (b) 

 
Figure 4.2. Representative figures of root mean square fluctuation (RMSF) of the residues 
of tubulin in the bound form of the ligands (a) 9-Vinyl-phynyl-noscapine (VPN) and (b) N-
3-Br-Benzyl-noscapine (Br-Bn-Nos) in single as well as in combination with docetaxel 
(DOX) with the tubulin heterodimer. Different levels of flexibility of these residues were 
noticed in the bound form of tubulin with VPN, Br-Bn-Nos and DOX in single as well as in 
combination. Most of the residues showed flexibilities > 5 Å in case of tubulin bound with 
VPN, Br-Bn-Nos and DOX compared to the free tubulin heterodimer, indicating that these 
residues seem to be more flexible as a result of binding.  
 

The differential mode of interactions of noscapinoids and DOX with the residues of 

tubulin is represented in the ligplot. The binding site amino acids involved in the binding of 

noscapinoids independently and in the presence of DOX were found albite different, which 

may be due to the change in conformation of tubulin in presence of DOX (Figure 4.3a-f). 

As seen in the figure several hydrogen bonds and hydrophobic interactions are involved in 

their binding sites.  
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Figure 4.3. (a)VPN (b)Br-Bn-Nos (c)Amino-Nos (d) Br-TMB-Nos (e) PYBA-Nos (f) 
Brmo-Nos and DOX are well accomodated inside their respective binding site of tubulin. 
Snapshot of the ligands are obtained from the MD simulation. The binding site is represented 
as macromodel surface according to α- and β- tubulin. 
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Figure 4.4. The ligplot analysis showing the interaction of binding site amino acids with (a) 
Tubulin_VPN and (b) Tubulin_Docetaxel when both the molecules docked independently 
into their respective binding sites. Further, the change in binding site amino acids when both 
the molecules docked together into their binding sites is shown in (c) Tubulin-VPN and 
Tubulin-DOX. The binding site amino acids were found to be albite different when both 
VPN and DOX were docked independently or in together. 
 
 

The differential mode of interactions of compounds VPN and DOX with the residues 

of tubulin are represented in the ligplot. The differences in amino acids for binding of VPN 

with tubulin independently and in combination with DOX were mainly because of the 

change in conformation of tubulin due to binding of DOX (Figure 4.4) (Dash et al., 2020).  

As seen in the figure several hydrogen bonds and hydrophobic interactions are involved in 

their binding. The amino acids of the binding site involved in the binding of VPN are  Gln 

247 (D),Val 355(D), Leu 248(D), Glu 207(A), Asn 357(D), Lys 394(A), Thr 353 (D),Thr 

223 (A), Ala 354 (D), Arg 221 (A),Gly 246 (D) and the DOX are Thr 276 (D), Leu 275 (D), 

Arg 278 (D), Leu 275 (D), Leu 217 (D), Pro 247 (D), Leu 217 (D), His 229 (D), Phe 272 
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(D), Gln 281(D), Arg 284 (D), Leu 286 (D), Ala 285 (D), Lys 372 (D), Gly 370 (D), Arg 

369 (D), Leu 371 (D). A total of seven hydrogen bonds contributed to the interactions of 

VPN with the binding pocket of tubulin. Similarly binding of DOX involves eleven 

hydrogen bonds. In contrast there is a significant difference in the amino acids involved in 

the interaction of VPN as well as DOX in the co-complex of tubulin with both the ligands 

together (Appendix Table 4.2). This clearly explains the changes in the binding mode of 

VPN and DOX when both the ligands were docked together with the tubulin, indicating a 

chance of combination effect. 

 

 

Figure 4.5. The ligplot analysis showing the interaction of binding site amino acids with (a) 
Tubulin_Amino and (b) Tubulin_Docetaxel when both the molecules docked independently 
into their respective binding sites. Further, the change in binding site amino acids when both 
the molecules docked together into their binding sites is shown in (c) Tubulin-Amino and 
Tubulin-DOX. The binding site amino acids were found to be albite different when both 
amino and DOX were docked independently or in together. 
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The amino acids of the binding site involved in the binding of Amino-Nos are Glu 

247(D), Val 355(D), Leu 245(D), Leu 42 (D), Pro 245(A), Arg 221(A), Asn 357 (D), Thr 

223 (A), Met 325 (D),Cys 241 (D),Ala 354 (D) (Figure 4.5 (a)), and the DOX are Thr 276 

(D), Leu 275 (D), Arg 278 (D),Pro 247 (D), Leu 217 (D),His 229 (D), Phe 272 (D), Gln 

281(D), Arg 284 (D), Leu 286 (D),Ala 285 (D), Lys 372 (D), Gly 370 (D), Arg 369 (D), 

Leu 371 (D). (Figure 4.5 b). The binding of Amino-Nos involved 6 hydrogen bonds (dashed 

lines) with different bond lengths. Similarly binding of DOX involved 13 hydrogen bonds 

with the binding site residues. Besides, hydrogen bonding, good number of hydrophobic 

interactions were involved in the binding of amino nos and DOX with binding site residues 

(Appendix Table 4.3). 

 

 

Figure 4.6. The ligplot analysis showing the interaction of binding site amino acids with (a) 
Tubulin_Bromo and (b) Tubulin_Docetaxel when both the molecules docked independently 
into their respective binding sites. Further, the change in binding site amino acids when both 
the molecules docked together into their binding sites is shown in (c) Tubulin-Bromo and 
Tubulin-DOX. The binding site amino acids were found to be albite different when both 
bromo and DOX were docked independently or in together. 
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Binding of Bromo-Nos involved 7 hydrogen bonds (dashed lines), each with a 

distinct bond length, while docetaxel binding involved 13 hydrogen bonds with the binding 

site residues. The different amino acids involved in the interaction of Bromo-Nos are Glu 

247 (D), Pro 222 (A),Pro 245 (D), Met 325 (D),Asp 357 (D), GLy 246 (D),Ala 354 (D), Leu 

248 (D),Thr 353 (D), Thr 179 (A and Arg 221 (A) (Figure 4.6 a) and in DOX are Thr 276 

(D), Leu 275 (D), Arg 278 (D),Pro 247 (D), Leu 217 (D),His 229 (D), Phe 272 (D), Gln 

281(D), Arg 284 (D), Leu 286 (D),Ala 285 (D), Lys 372 (D), Gly 370 (D), Arg 369 (D), 

Leu 371 (D) (Figure 4.6b). Moreover, good numbers of hydrophobic interactions were 

involved in the binding of Bromo-Nos and DOX with the respective binding site residues 

(Appendix Table 4.4). The significant difference in amino acids, clearly explains the 

changes in the binding mode of Bromo-Nos and DOX when both the ligands were docked 

together with the tubulin. 

 
 

Figure 4.7. The ligplot analysis showing the interaction of binding site amino acids with (a) 
Tubulin_Br-Bn-Nos and (b) Tubulin_Docetaxel when both the molecules docked 
independently into their respective binding sites. Further, the change in binding site amino 
acids when both the molecules docked together into their binding sites is shown in (c) 
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Tubulin-Br-Bn-Nos and Tubulin-DOX. The binding site amino acids were found to be albite 
different when both Br-Bn-Nos and DOX were docked independently or in together. 
 

The amino acids of the binding site involved in the binding of Br-Bn-Nos are Cys 

356(D), Phe 244 (D), Cys 241 (D), Asp (D), Leu 248 (D), Gln 247 (D), Thr 353 (D), Met 

325 (D), Val 328 (D), Arg 221 (A), Thr 223 (A), Ala 354 (D), Tyr 224 (A), Thr 225 (A), 

Val 355 (D), Pro 245 (D), Cys 356 (D) (Figure 4.7a). It was seen that no hydrogen bonds 

were involved in the interactions of Br-Bn-Nos with the tubulin binding pocket. Whereas, 

binding of DOX involved 12 hydrogen bonds. The amino acids Thr 276 (D), Leu 275 (D), 

Arg 278 (D), Leu 275 (D), Leu 217 (D), Pro 247 (D), Leu 217 (D), His 229 (D), Phe 272 

(D), Gln 281(D), Arg 284 (D), Leu 286 (D), Ala 285 (D), Lys 372 (D), Gly 370 (D), Arg 

369 (D), Leu 371 (D) (Figure 4.7b) contributed hydrophobic interactions with DOX 

(Appendix Table 4.5).  

 

 

Figure 4.8. The ligplot analysis showing the interaction of binding site amino acids with (a) 
Tubulin_PYBA-Nos and (b) Tubulin_Docetaxel when both the molecules docked 
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independently into their respective binding sites. Further, the change in binding site amino 
acids when both the molecules docked together into their binding sites is shown in (c) 
Tubulin-PYBA-Nos and Tubulin-DOX. The binding site amino acids were found to be 
albite different when both PYBA-Nos and DOX were docked independently or in together. 
 

The amino acids involved in PYBA-Nos binding include Arg 221 (A), Ser 178 (A), 

Thr 353 (D), Lys 352 (D), Val 351(D), Gln 336(D), Pro 175(A), Gln 176 (A), Leu 333 (D), 

Tyr 210 (A), Asp 329 (D), Arg 221 (A) (Figure 4.8 a). Binding mode of PYBA-Nos with 

the binding pocket is accompanied by two hydrogen bonds. In addition to hydrogen 

bonding, a large number of hydrophobic interactions were involved in the binding of PYBA-

Nos to binding site residues (Appendix Table 4.5). The amino acids that contributed to the 

binding of DOX include, Thr 276 (D), Leu 275 (D), Arg 278 (D), Leu 275 (D), Leu 217 (D), 

Pro 247 (D), Leu 217 (D), His 229 (D), Phe 272 (D), Gln 281(D), Arg 284 (D), Leu 286 

(D), Ala 285 (D), Lys 372 (D), Gly 370 (D), Arg 369 (D), Leu 371 (D). A total of 13 

hydrogen bonds were involved in the biding of DOX with the binding site residues (Figure 

4.8 b). 
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Figure 4.9. The ligplot analysis showing the interaction of binding site amino acids with (a) 
Tubulin_Br-TMB-Nos and (b) Tubulin_Docetaxel when both the molecules docked 
independently into their respective binding sites. Further, the change in binding site amino 
acids when both the molecules docked together into their binding sites is shown in (c) 
Tubulin- Br-TMB-Nos and Tubulin-DOX. The binding site amino acids were found to be 
albite different when both Br-TMB-Nos-Nos and DOX were docked independently or in 
together. 

 
The interactions of Br-TMB-Nos with the binding pocket of tubulin include three 

hydrogen bonds with distances of 2.66 Å, 4.85 Å, and 2.78 Å. Besides, hydrogen bonding, 

good number of hydrophobic interactions were involved in the binding of Br-TMB-Nos 

with binding site residues (Appendix Table 4.7). The amino acids involved in the binding 

of Br-TMB-Nos are: Pro 245 (D), Asp 357 (D), Gly 246 (D), Leu 42(D), Ala 354 (D), Cys 

356 (D), Gln 247 (D), Cys 241(D), Lys 352 (D), Asp 329(D), Ser 178 (A), Leu 248 (D), Thr 

353 (D), Thr 179 (A), Arg 221 (A), Val 328 (D), Met 325 (D), Tyr 224 (A), Thr 223 (A) 

and the amino acids involved in the binding of DOX are Thr 276 (D), Leu 275 (D), Arg 278 

(D), Leu 275 (D), Leu 217 (D), Pro 247 (D), Leu 217 (D), His 229 (D), Phe 272 (D), Gln 

281(D), Arg 284 (D), Leu 286 (D), Ala 285 (D), Lys 372 (D), Gly 370 (D), Arg 369 (D), 

Leu 371 (D). 

4.3. Proliferation of cancer cells is inhibited by noscapinoids and DOX in single as well 

as in combination regimen 

Inspired by the in-silico prediction of binding affinity of the six potent derivatives 

of noscapine with tubulin dimer, we evaluated its efficacy in inhibiting proliferation of 

MCF-7 cells in single as well as in combination regimen with DOX. Understanding the 

pharmacological and biological properties of a chemotherapeutic agent requires determining 

the half-maximal (50%) inhibitory concentration (IC50). The method for determining IC50 

has become simpler and can be conducted after the invention of a colorimetric technique the 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The MTT 
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assay evaluates a compound's cytotoxicity by evaluating changes in intracellular NAD(P)H-

dependent oxidoreductase activity (Tolosa et al., 2015; Aleshin et al., 2015). The initial 

status of living cells is defined by the optical densities (ODs) of the control wells, the mean 

of which is set to a survival rate of 100% (i.e., inhibitory rate of 0%). The concentration 

corresponding to a survival rate of 50% is defined as the IC50 value.  

The anti-proliferative activity for both VPN and DOX increases with the increasing 

concentration in single as well as in combination regimen (Figure 4.10a). The IC50 value 

amounted to 30.17 µM and 19.92 µM, respectively for 48 h and 72 h with VPN. Similarly, 

the IC50 value amounted to 0.621 µM and 0.193 µM, respectively for 48 h and 72 h with 

DOX. Surprisingly, the inhibition of cellular proliferation was significantly achieved with 

the combination dose regimens of both VPN and DOX. The approximately 50% inhibition 

of cellular proliferation was found to be at VPN (50µM) and DOX (0.01µM). The dose 

dependent cytotoxicity of DOX has been enhanced considerably with the combination dose 

regimen of VPN (Dash et al., 2020).  

Parenthetically, the derivative of noscapine, Br-Bn-Nos inhibited proliferation of 

MCF-7 cells in a dose dependant manner with IC50 values of 11.5 μM and 7.71μM 

respectively at 48 h and 72 h. Similarly, the DOX showed IC50 values of 0.39 μM and 0.016 

μM against MCF-7 cells. The combination effect of both Br-Bn-Nos and DOX on 

proliferation of MCF-7 has also determined and included in Figure 4.10b.   

Further, the interaction between both the agents has also been investigated using 

their sum FICs and isobologram plots (Figure 4.11a). At 48 h and 72 h, the cumulative FICs 

value was 0.8 and 0.76 respectively. The isobolographic plot of VPN and docetaxel revealed 

that the two drugs have synergistic antiproliferative efficacy after 48 h and 72 h of 

administration. The sum FICs value was found to be 0.49 and 0.62 respectively at 48 h and 

72 h. The isobologram of Br-Bn-Nos (Figure 4.11b) with DOX suggested that the 
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combination regimen has synergistic antiproliferative activity at 48 h and 72 h exposure 

(sum FIC <1). 

 

  

 
(a) (b) 

 
Figure 4.10. The inhibition of cellular proliferation of human breast cancer cell, MCF-7 
with the treatment of (a) VPN and DOX in single as well as in combination regimen at 
different concentration after 48 h and 72 h post-treatment. In contrast, the approximately 
50% inhibition of cellular inhibition was achieved in a combination regimen of VPN 
(50µM) and DOX (0.01µM) after 48h and 72h post-treatment. (b) Br Bn-Nos and DOX in 
single as well as in combination regimen at different concentrations inhibit cellular 
proliferation of human breast cancer cell, MCF-7 after 48 h and 72 h treatment. In contrast, 
approximately 50% inhibition of cellular inhibition was achieved in a combination regimen 
of Br Bn-Nos (5µM) and DOX (0.001µM) after 48 h and 72 h post-treatment. The graph is 
presented as mean ± SD, (n = 3), and considered significant if *p < 0.05, **p < 0.01, ***p 
< 0.001 compared to the control. 



Chapter IV │ Result and Discussion 

 88

 

  
(a) (b) 

 
Figure 4.11. Representative figures of Isobolograms analysis showing in vitro interactions 
between (a) VPN and DOX (b) Br-Bn-Nos and DOX. Sum FIC < 0.5 represents substantial 
synergism, sum FIC< 1 represents synergism, sum FIC 1 represents additive interaction, 
sum FIC >1 represents antagonism. 
 

Similarly, the Amino-Nos has a dose-dependent cytotoxicity effects in the MCF-7 

cell line. The antiproliferative activity increases with the increasing concentration of Amino-

Nos and DOX in single as well as in combination. The percentage of cell survivability was 

reduced to ~50% at 38.7 µM and 28.4 µM respectively at 48 h and 72 h of treatment with 

Amino-Nos (Figure 4.12 a). In contrast, the DOX revealed the dose dependent cytotoxicity 

of 0.61 µM and 0.08 µM respectively at 48 h and 72 h (Figure 4.12 a). Further, the 

combination dose of Amino-Nos (20 µM) and DOX (0.05 µM) revealed reduction in ~50% 

cell survival at 48 h and 72 h of treatment. The decrease in the concentration of DOX in 

combination with Amino-Nos in comparison to single regimen treatment revealed a chance 

of combination effect of both the drugs (Dash et al., 2020). 

The anti-proliferative activity for both Bromo-Nos and DOX increases with the 

increasing concentration in single as well as in combination regimen. The IC50 value 

amounted to 35.17 µM and 20.92 µM, respectively for 48 h and 72 h with Bromo-Nos. In 

contrast, the IC50 value amounted to 0.521 µM and 0.093 µM, respectively for 48 h and 72 

h with DOX. Approximately 50% inhibition of cellular proliferation was found with the 

combination treatment of Bromo-Nos (20µM) and DOX (0.05µM). The dose dependent 
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cytotoxicity of DOX has been reduced considerably with the combination dose regimen of 

Bromo-Nos (Figure 4.12 b). 

  

  

  
(a) (b) 

 
Figure 4.12. Reduction in percentage of cell survivability with the treatment of (a) Amino-
nos and DOX (b) Bromo-nos and DOX in single as well as in combination regimen for 
MCF-7 cancer cell. The graph is presented as mean ± SD, (n = 3), and considered significant 
if *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control. 
 

Moreover, we determined the efficacy of Br-TMB-Nos and DOX in inhibiting the 

proliferation of human breast cancer cells (MCF-7) in both single and combination 

regimens. With the increasing concentration of Br-TMB-Nos and DOX both in single and 

in combination, the antiproliferative activity was found to be increased significantly (Figure 
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4.13 a). The IC50 value for Br-TMB-Nos was found to be 10.461 μM and 8.266 μM for 48 

h and 72 h of treatments. In contrast, the IC50 value for DOX was found to be 0.033 μM and 

0.014 μM for 48 h and 72 h of treatments. Our results showed that the combination dose of 

Br-TMB-Nos (25 µM) and DOX (0.01µM) revealed a reduction in cell survival to ~50% at 

48 h and 72 h of treatment. Therefore, the dose-dependent cytotoxicity of DOX may be 

reduced considerably with the combination dose regimen of Br-TMB-Nos.  

Anti-proliferative potential for both PYBA-Nos and DOX found to increase with 

increasing concentration including both single and in combination regimens (Figure 4.13 

b). The IC50 values were 11.0 μM and 8.4 μM, respectively, for the PYBA-Nos after 48 h 

and 72 h of treatment. Likewise, the IC50 value amounted to 0.028 μM and 0.015 μM with 

DOX for 48 h and 72 h, respectively. Approximately 50% inhibition of cellular proliferation 

was achieved in the combination regimen of PYBA (10 μM) and DOX (0.1 μM) after 48 h 

and 72 h post-treatment. The findings showed that PYBA and DOX significantly decreased 

the dosage and time dependent viability of MCF-7 cells compared to control, both in the 

single and in the combination regimen. 
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(a) (b) 

 
Figure 4.13. Reduction in percentage of cell survival in MCF-7 human breast cancer cell 
with the treatment of (a) Br-TMB-Nos and DOX (b) PYBA-Nos and DOX in single as well 
as in combination regimen at different concentration after 48 h and 72 h post-treatment for 
MCF7 cancer cell. Cell viability was detected by MTT assay. The graph is presented as 
mean ± SD, (n = 3), and considered significant if *p < 0.05, **p < 0.01, ***p < 0.001 
compared to the control. 
 
4.4. Effects of noscapinoids and dox using single and in combination regimen on cell 

cycle progression analysis  

The effectivity of six derivatives of noscapine and docetaxel on the cell at the 

required concentration on the cell cycle profile of MCF-7 was evaluated by the induction of 

cell death using fluorescently labeled DNA deposition as a promising predictor of cell cycle 

progression and cell death. The unreplicated pattern of 2N DNA represent the G1 phase, 

while the cells with duplicated 4N DNA describe the G2/M phases. Cells with less than 2N 

DNA represent the dying cells in which the DNA degrades to varying degrees. We want to 

examine the effect of both Docetaxel and noscapinoids on cell cycle progression of MCF-7 

cells with single and in their combination treatment. The cells were treated with varying 



Chapter IV │ Result and Discussion 

 92

concentration of the noscapinoids in single and in combination regimen with docetaxel and 

the cell cycle distribution was evaluated. High cell aggregation during the G2/M transition 

phase compared to untreated cells was observed in the FACS analysis. 

Inhibition in the progression of cell cycle of MCF-7 with treatment of VPN (20 µM) 

and DOX (0.5 µM) in single regimen as well as in combination regimen (25 µM VPN+0.05 

µM DOX) was evaluated using flow cytometer. Both the compounds showed an increase in 

the sub-G1 cell populations compared to the control after 24 h of treatment in single and in 

combination regimen. The representative two-dimensional disposition of cell cycle profile 

is included in Figure 4.14 The sub-G1 population with treatment of VPN was increased to 

8.12%, whereas with DOX it was increased to 16.1% and in combination it was further 

increased to 19.4 % in comparison to control. A cell must lose enough DNA to appear in 

the sub-G1 area, indicating both the compounds, VPN and DOX in single as well as in 

combination induce apoptosis to cancer cell. Maximum cells were arrested at the G2/M 

transition phase (Dash et al., 2020). 

 

Figure 4.14. Panels (A) to (D) depicts the cell cycle distribution of MCF-7 cells in a two-
dimensional disposition as determined by flow cytometry at 24 h of treatment with 20 µM 
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of VPN, 0.5 µM of DOX as single regimen and 25 µM of VPN + 0.05 µM of DOX in 
combination regimen. Results represent cell cycle progression at mitosis followed by the 
appearance of a characteristic hypodiploid (sub-G1) DNA peak is indicative of apoptosis.   
 

Similarly, 25 µM of Amino-Nos and 0.5 µM of DOX in single regimen and 25 μm 

Amino-Nos+0.05 μm DOX in combination treatment effectively arrest cell cycle 

progression and induced cell death. The sub-G1 population with the treatment of amino-

noscapine was increased to 9.62%, whereas with DOX it was increased to 15.4% and in 

combination it further increased to 32.6 % in comparison to control (Dash et al.,2020).  

 

Figure 4.15. Panels (A) to (D) depicts the cell cycle distribution of MCF-7 cells treated with  
25 μM of Amino-Nos, 0.5 μM of DOX in single regimen, and 25 μM of Amino-Nos + 0.05 
μM of DOX in combination regimen as determined by flow cytometry at 24 h. Results 
represent cell cycle progression at mitosis followed by the appearance of a characteristic 
hypodiploid (sub-G1) DNA peak is indicative of apoptosis.                    
 

Further, the MCF-7 cancer cells were treated with Br-Bn-Nos (20 μM) and DOX 

(0.1 μM) in the single regimen as well as in the combination regimen (25 μM Br-Bn-

Nos+0.01 μM DOX) and the cell cycle progression was evaluated via flow cytometric 

analysis. As shown in figure 4.16, cells were shown an increment in the sub-G1 phase 
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compared to the control after 48 h of treatment in single and in combination regimen. The 

sub-G1 population with treatment of Br-Bn-Nos was increased to 15.4%, whereas with 

DOX it was increased to 16.1% and in combination it further increased to 23.2% compared 

to control. The combination effect of both Br-Bn-Nos and DOX on cell cycle progression 

could be useful for induction of apoptosis. 

 
Figure 4.16. Figure A-D depict represented figures of analysis of cell cycle distribution in 
a two-dimensional disposition as determined by flow cytometry in MCF-7 cells treated with 
20 µM of Br- Bn-Nos, 0.1µM of DOX as single regimen and 25 µM of Br-Bn-Nos + 0.01µM 
of DOX in combination regimen. Both Br Bn-Nos and DOX inhibit cell cycle progression 
at mitosis followed by the appearance of a characteristic hypodiploid (sub-G1) DNA peak, 
indicative of apoptosis. 
 

The effect of Br-TMB-Nos (10 µM) and DOX (0.1 µM) in single as well as in their 

combination regimen (25 µM Br-TMB-Nos+0.01 µM DOX) on the cell cycle progression 

of MCF-7 cells was investigated by FACS. The untreated cells exposed to vehicle solvent 

(DMSO) showed a typical cell cycle profile with 63.1% in G1 phase, 5.63% in S phase, and 

29.4% in G2/M phase (Figure 4.17). However, after 24 h treatment with Br-TMB-Nos and 
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DOX in single and in combination regimen showed an increase in the sub-G1 cell 

populations compared to the control. After 24 h treatment the Br-TMB-Nos showed only 

34.4% in G1 phase, 14.2% in S phase, and 38.7% in G2/M phase. Parenthetically, treatment 

with DOX after 24h revealed 6.86% in G1 phase, 3.33% in S phase and 73.5% in G2/M 

phase.  In contrast, the combination effect of both Br-TMB-Nos and DOX after 24 h 

revealed 23% in G1 phase, 8.23% in S phase and 39.2% in G2/M phase. The sub-G1 

population was increased to 12.6% with treatment of Br-TMB-Nos, whereas with DOX it 

was increased to 16.4% and in combination, it further increased to 29.6 % compared to 

control. Therefore, both the compounds, Br-TMB-Nos and DOX alone as well as in 

combination showed promising activity in MCF-7 cells which is an event reminiscent of 

apoptosis to the cancer cell. Maximum percentages of cells were arrested at the G2/M 

transition phase. 

 

Figure 4.17. Figure A-D depict represented figures of analysis of cell cycle distribution in 
a two-dimensional disposition as determined by flow cytometry in MCF-7 cells with the 
treatment of Br-TMB-Nos (10 µM) and DOX (0.1 µM) in single as well as combination (25 
µM of Br-TMB-Nos + 0.01 µM of DOX) for 24 hrs. The cells were arrested in the G2/M 
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phase of cell cycle followed by the appearance of hypodiploid DNA peak (sub-G1) which 
indicates the apoptosis. 
 

The effect of PYBA-Nos and DOX on the cell cycle profile of MCF-7 using FACS 

confirmed the induction of cell death (Figure 4.18). Fluorescently labelled DNA deposition 

is a reliable indication of cell cycle profile and cell death. The G1 process is represented by 

cells with 2N DNA, while cells with duplicated 4N DNA represents G2 and M phases. Cells 

in the DNA replication process with peaks of 2N and 4N reflect the S phase in which DNA 

is being synthesised, whereas cells with less than 2N DNA indicated that the cells are in 

dying stages. The treatment of MCF-7 cells with test compound PYBA-Nos for 24 h resulted 

in massive perturbations of the cell cycle profile. The FACS data suggests high deposition 

of cells in the G2/M phase at 24 hours of treatment with PYBA-Nos (25 μm) and DOX (0.01 

μm) in single and in combination regimens (25 μm PYBA-Nos+0.01 μm DOX), relative to 

untreated cells. A characteristic hypodiploid DNA content peak (sub-G1) was shown to 

increase at 24 h of treatment relative to the G2/M block. Fragmented DNA is demonstrated 

by the progressive generation of cells with hypodiploid DNA content, suggesting dying of 

cells. 



Chapter IV │ Result and Discussion 

 97

 

Figure 4.18. Panels (A) to (D) depicts cell cycle distribution of MCF-7 cells in a two-
dimensional disposition as determined by flow cytometry at 24h of treatment with 25 µM 
of PYBA-Nos, 0.01 µM of DOX as single regimen and 25 µM of PYBA-Nos+0.01 µM of 
DOX in combination regimen. Results represent cell cycle progression at mitosis followed 
by the appearance of a characteristic hypodiploid (sub-G1) DNA peak is indicative of 
apoptosis.  
 

Inhibition in the progression of cell cycle of MCF-7 with treatment of Br-Nos (25 

µM) and DOX (0.01 µM) in single regimen as well as in combination regimen (25 µM Br-

Nos+0.01 µM DOX) was also evaluated using flow cytometer. Both the compounds showed 

an increase in the sub-G1 cell populations compared to the control after 24 h of treatment in 

single and in combination regimen. The representative two-dimensional disposition of cell 

cycle profile is included in Figure 4.19. The sub-G1 population with treatment of Br-Nos 

was increased to 7.57%, whereas with DOX, it was increased to 16.4% and in combination 

it further increased to 23.2 % in comparison to control. High cell aggregation during the 

G2/M transition phase at 24 h of treatment compared to untreated cells was observed in the 

FACS analysis. 
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Figure 4.19. Bromo-Nos and DOX suppress the progression of the cell cycle at mitosis, 
indicated by characteristic hypodiploid (sub-G1) DNA peak, indicative of apoptosis. Figure 
A-D demonstrates the two-dimensional cell cycle distribution analysis as assessed by flow 
cytometry in MCF-7 cells treated with 25 μM of Bromo-Nos, 0.01 μM of DOX in single 
regimen, and 25 μM of Bromo-Nos + 0.01 μM of DOX in combination regimen. 
 
 
4.5. Induction of apoptosis to MCF-7 cancer cells with the treatment of noscapinoids 

and DOX in single and in combination regimen  

Biochemically, the apoptotic phase is characterized by alterations in the lipid 

composition between the two plasma membrane leaflets, i.e., phosphatidylserine, usually 

translocated to the outer leaflet, which can be determined by using a fluorescent dye, 

Annexin V. In contrast, the cell impairment DNA-binding fluorescent dye i.e., propidium 

iodide can only enter the cells at the stage of late apoptosis when membrane permeability is 

compromised. Apoptotic cells can be quantified by FACS analysis. There were very few 

apoptotic cells (~2%) in the untreated cell cultures, which were assigned as the background 

cell death. 

We approached to determine the induction of apoptotic cell death to breast cancer 

cell, MCF-7 by treatment of VPN and DOX in single as well as in combination regimen. In 
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FACS, green Annexin V staining was used together with an impermeant red DNA binding 

dye, 7-Amino-Actinomycin (7-AAD), to quantitate the population of apoptotic, necroptotic 

and necrotic cells. The results depict the density plots of 7-Amino-Actinomycin (7-AAD) 

versus PE conjugated Annexin V fluorescence obtained from untreated control and treated 

MCF-7 cells. Cells negative for both 7-AAD and Annexin V staining were viable cells (in 

the lower left quadrant: Q3); 7-AAD-negative, Annexin V-positive cells were early 

apoptotic cells (in the lower right quadrant: Q4); 7-AAD-positive, Annexin V-positive cells 

were primarily late apoptotic/necrotic cells (in the upper right quadrant: Q2); and the 7-

AAD-positive but annexin V-negative cells were necrotic cells (in the upper left quadrant: 

Q1). As anticipated, MCF-7 cells treated with both VPN (20 µM) and DOX (0.5 µM) in 

single as well as in combination regimen (VPN 25 µM +DOX 0.05 µM) for a duration of 

24 h resulted in significant increase of apoptotic cells compared to control untreated cells 

(Figure 4.20). The percentage of early apoptotic cells were measured to be 4.79%, 10.9%, 

20.4% and late apoptotic cells were estimated to 5.97%, 3.8%,16.9%, respectively with 

treatment of VPN and DOX in single as well as in combination regimen after 24 h of post-

treatment. The control untreated cell culture contained only very few early apoptotic (0.83% 

after 24 h post-treatment) and late apoptotic cells (2.17% after 24 h post-treatment), which 

were considered as the background cell death due to regular trauma during cell culture 

(Figure 4.20) (Dash et al., 2020). This is mainly because we have taken unstained cell for 

gating and put the stained control cells in the FACS analysis as per the standard protocol (Ji 

et al., 2017; Sivakumaran et al., 2018; Fan et al., 2018). 
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Figure 4.20. Induction of apoptosis caused by VPN (20 μM) and DOX (0.5 µM) alone and 
in their combination regimen (VPN, 25 μM+DOX, 0.05 μM) based on flow cytometric 
analysis. PE/Annexin V staining was used in combination with 7-Amino-Actinomycin (7-
AAD) to distinguish among 4 subpopulations: cells negative for both 7-AAD and Annexin 
V staining were viable cells (in the lower left quadrant: Q3); 7-AAD-negative, Annexin V-
positive cells were early apoptotic cells (in the lower right quadrant: Q4); 7-AAD-positive, 
Annexin V-positive cells were primarily late apoptotic/necrotic cells (in the upper right 
quadrant: Q2); and the 7-AAD-positive but annexin V-negative cells were necrotic cells (in 
the upper left quadrant: Q1). 
  

Similarly, MCF-7 cells treated with Amino-Nos (25 μm) for 24 h showed both early 

and late apoptosis (4.12% and 2.42%) respectively. In contrast DOX (0.5 μm) demonstrates 

early and late apoptosis, 10.9% and 3.80% after 24 h. The combination treatment of DOX 

(0.05 μm) and amino-noscapine (25 μm) showed increased rate of early and late apoptosis 

(15.1% and 11.9%)   24 h post treatment (Figure 4.21). 
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Figure 4.21. Induction of apoptosis caused by Amino-Nos (25 μM) and DOX (0.5 µM) 
alone and in their combination regimen (Amino-Nos, 25 μM+DOX, 0.05 μM) based on flow 
cytometric analysis. 
 

The percentage of early and late apoptotic cells treated with combination of Br-Bn-

Nos (25 μm) + DOX (0.01 μm) was 24.1% and 20.3%, which was significantly high 

compared to single regimen treatment with 25 μm Br-Bn-Nos (11.0 % and 3.73 %) or 0.1 

μm  DOX  (10.9 % and 3.80 %) respectively after 48 h in comparison to control untreated 

cells. This study demonstrated that the proposed combination effect of Br-Bn-Nos and DOX 

not only induced apoptosis to cancer cell, but also provided a promising prospect to reduce 

the toxicity of DOX. 
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Figure 4.22. Flow cytometric observation of apoptosis cell death induced by Br-Bn-Nos 
alone and in combination with DOX. PE conjugate of Annexin V was used in combination 
with 7-Amino-Actinomycin (7-AAD) to distinguish among 3 subpopulations: PE-- and 7-
AAD -- population indicates viable cells (bottom left quadrant); PE -- and 7-AAD + 
population indicates early apoptotic cells (lower right quadrant); PE + and 7-AAD + 
population indicate late apoptotic cells (top right quadrant). 
 

We next evaluated the induction of apoptosis by Br-TMB-Nos and DOX in single 

as well as in combination regimen; using 7-Amino-Actinomycin (7-AAD) versus PE-

conjugated Annexin V fluorescence staining kit via flow cytometer. It was revealed that the 

number of apoptotic MCF-7 cells increased significantly after treatment of Br-TMB-Nos 

(10 µM) and DOX (0.1 µM) individually and in combination regimen (Br-TMB-Nos 25 

µM+DOX 0.01 µM) for a duration of 24 h compared to the control group.  

Cells in the first quadrant were necrotic cells, which were Annexin V negative cells. 

The second quadrant represented the late apoptotic cells that were both Annexin V and 7-

AAD-positive cells, due to a loss of plasma membrane integrity. The third quadrant included 

normal viable cells and were not stained with either Annexin V or 7-AAD. The fourth 
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quadrant included the early apoptotic cells which were Annexin V positive cells. A 

significant increase in early and late apoptotic cells were identified with the treatment of Br-

TMB-Nos and DOX in single as well as in combination regimen in comparison to the control 

group. The percentage of early apoptotic cells measured were 5.33%, 13.5%, 27.8%, and 

estimated late apoptotic cells were 6.37%, 4.77%, 13.7%, respectively with the treatment of 

Br-TMB-Nos and DOX in single as well as in combination regimen. The control untreated 

cells contain only very few early and late apoptotic cells (1.16 % and 2.17%), which were 

considered as the background cell death due to regular trauma during cell culture (Figure 

4.23). This is mainly because we have taken unstained cells for gating and put the stained 

control cells in the FACS analysis as per the standard protocol (Sivakumaran et al., 2018; 

Fan et al., 2019; Ji et al., 2017). 

 

Figure 4.23. Flow cytometry analysis of phosphatidylserine (PS) exposure in MCF-7 cells 
treated with Br-TMB-Nos alone and in combination with DOX based on flow cytometric 
analysis for 24 h and compared with non-treated control cells.  Representative results of 
three independent experiments. 
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Further, the noscapine derivative PYBA-Nos individually and in combination with 

DOX was evaluated in the induction of apoptotic cell death in breast cancer cells.   

 

Figure 4.24. Flow cytometry analysis of phosphatidylserine (PS) exposure in MCF-7 cells 
treated with PYBA-Nos alone and in combination with DOX based on flow cytometric 
analysis for 24 hours and compared with non-treated control cells.  Representative results 
of three independent experiments.  
 

Figure 4.24 demonstrated the density plots obtained from untreated control and 

treated MCF-7 cells using 7-Amino-Actinomycin (7-AAD) against PE conjugated Annexin 

V fluorescence. As expected, the amount of early and late apoptotic cells was 26.1 % and 

19.9 % with the combination treatment of PYBA-Nos (25 μm) + DOX (0.01 μm) which 

were remarkably high compared to single regimen treatment with 25 μm of PYBA-Nos 

(13.0 % and 8.56 %) or 0.01 μm of DOX (11.0 % and 3.99 %). This finding revealed that 

the combined effect of PYBA-Nos and DOX would not only efficiently induce apoptosis in 

cancer cells, but also represent a promising potential of reducing toxicity of DOX. 
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Parenthetically, significantly high percentage of early apoptotic cells of 12,5%, 

14.1% and 21.3% as well as late apoptotic cells of 7.90%, 10.5% and 32.1%, respectively 

were found with the treatment of Br-Nos and DOX in single as well as in combination 

regimen after 24 hours (Figure 4.25). The control untreated cell contained only very few 

early apoptotic (2.01% after 24 h post-treatment) and late apoptotic cells (2.14% after 24 h 

post-treatment), which were considered as the background cell death.  

 

Figure 4.25. Flow cytometry analysis of phosphatidylserine (PS) exposure in MCF-7 cells 
treated with Br-Nos alone and in combination with DOX based on flow cytometric analysis 
for 24 hours and compared with non-treated control cells. Representative results of three 
independent experiments.   
 
4.6. DAPI staining 
 

The induction of apoptosis to cancer cells were observed under the inverted 

fluorescence microscope after treatment of noscapinoids and DOX in single as well as in 

combination. The apoptotic cells have significant alteration in the membrane architecture, 

blebbing of plasma membrane, chromatin condensation and chromosomal breakdown 

(apoptotic bodies) which could be visualized using the 4′, 6-diamidino-2-phenylindole 
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(DAPI) fluorescent dye. The compounds in both single and in combination, efficiently 

induced apoptosis to cancer cell as revealed in the (Figure 4.26). 

 

 
Figure 4.26. Morphologic indicators of apoptotic cell death include chromatin condensation 
along with nuclear envelope and plasma membrane blebbing followed by formation of small 
apoptotic bodies. Representative panels show morphological evaluation of nuclei stained 
with DAPI in the absence and presence of the Noscapinoids (10 µM) and DOX (0.01 µM) 
in single as well as in combination regimen with docetaxel. Several typical features of 
apoptotic cells such as condensed chromosomes, numerous fragmented micronuclei, and 
apoptotic bodies are evident (indicated by white head arrows) upon 48 hours of drug 
treatment. (Scale bar = 15 μm). 
 

We also validated the results by an immunofluorescence-based focus-forming assay 

using noscapinoids and DOX in single as well as in combination and we got the similar 

results represented in figure 4.27. 

 

    
Control VPN DOX VPN+DOX 
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Control Br-Bn-Nos DOX Br-Bn-Nos +DOX 

    
Control PYBA-Nos DOX PYBA-Nos +DOX 

 
Figure 4.27. Foci formation assay using MCF-7 cells (treated with selected derivatives of 
noscapinoids (10 µM) and DOX (0.01 µM) in single as well as in combination regimen with 
docetaxel. 
 

4.7. Tubulin binding activity of noscapinoids and DOX in single as well as in 

combination treatment (Tryptophan Quenching Assay) 

The innate ability of proteins to display the intrinsic fluorescence provided a way to 

understand the environmental changes after interaction with the quencher. Tubulin is 

autofluorescence due to presence of tryptophan amino acid. Tryptophan (Trp), tyrosine 

(Tyr) and phenylalanine (Phe) are the three natural aromatic amino acids that are fluorescent 

in nature, but Trp does have highest fluorescence quantum yield (Sood et al., 2018). Any 

alteration in the conformation of protein due to ligand binding decreases the emission 

fluorescence - a standard tool used to recognize a ligand binding with protein. In order to 

experimentally validate our findings based on molecular modelling study with respect to the 

tubulin-binding affinity of noscapinoids and DOX in single as well as in their combination; 

we determined the quenching of fluorescence intensity of tubulin with the treatment of both 

the agents in single as well as in combination regimen. The decrease in fluorescence 

intensity with the treatment of Br-TMB-Nos (25 μm) and DOX (0.1 μm) suggested the 

binding of both the compounds to tubulin. The percentage reduction in fluorescence 
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intensity was 30.03 % and 52 %, respectively in the presence of 25 μm Br-TMB-Nos and 

0.1 μm DOX. Further reduction in fluorescence intensity of 62.7% respectively (Figure 

4.28a) were observed in the combination treatment (DOX 0.01 μm + Br-TMB-Nos 25 μm). 

The proportional percentage of reduction in fluorescence intensity was 32.39 % and 50.03 

% respectively in the presence of 25 μm PYBA-Nos and 0.1 μm DOX and 61 % in the 

combination of DOX (0.01 μm) and PYBA (25 μm) (Figure 4.28b). The dynamic reduction 

in fluorescence intensity of tubulin in presence of noscapinoids and docetaxel in single as 

well as in combination regimen indicated the binding of both the compounds with tubulin. 

  

(a) (b) 

 

Figure 4.28. Representative figures of decrease of fluorescence intensity of tubulin by (a) 
PYBA-Noscapine and (b) Br-TMB-Noscapine in single as well as in combination regimen 
with docetaxel (DOX). Tubulin (2 μM) was incubated with indicated concentration of 
noscapinoids and DOX alone as well as in combination and the emission spectra were 
collected (310 nm – 400 nm). The graph is a representative of three independent 
experiments. 
 
4.8. Effects of noscapinoids and DOX on ANS-tubulin fluorescence in single and 

combination treatment 

In order to further investigate the conformational changes in tubulin due to binding 

of noscapinoids and DOX in single as well as in combination regimen, we probed the 

purified tubulin with ANS (8-anillino-1-naphthalenesulfonic acid). ANS is a fluorescent 

probe that bound to hydrophobic patches on proteins and improves the fluorescence when 
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attached to protein. An increase in ANS fluorescence of tubulin suggests a loss of protein 

structural integrity. Purified tubulin with the treatment of PYBA-Nos and DOX showed an 

increase in tubulin-ANS fluorescence intensity (Figure 4.29). It displayed a 25.07% increase 

in fluorescence intensity at 25 µM PYBA-Nos, and 42.39% in presence of 0.1 µM of DOX 

compared to unbound tubulin. Similarly, in combination treatment with PYBA-Nos (25 μM) 

and DOX (0.01 μM) the tubulin-ANS fluorescence intensity was further increased to 

52.25%. We also analysed the effect of Br-TMB-Nos (25 μm) and DOX (0.1 μm) on 

transitions of tubulin conformation. Treatment of tubulin with Br-TMB-Nos and DOX in 

single and in combination demonstrated a significant improvement in tubulin-ANS 

fluorescence intensity (Figure 4.29a).  

 

(a) (b) 

   

Figure 4.29. Representative figures of enhancement of tubulin-ANS fluorescence by (a) 
PYBA-Noscapine and (b) Br-TMB-Noscapine in single as well as in combination regimen 
with docetaxel (DOX). Tubulin (2 µM) was incubated with Noscapinoids at desired 
concentration with DOX and in their combination, regimen followed by incubation with 
ANS (50 µM). The samples were excited at 380 nm and the emission spectra were collected 
(400 nm – 500 nm). 

The fluorescence intensity was increased to 34.28 % with the treatment of 25 μM of 

Br-TMB-Nos, 42.29 % with 0.1 μM of DOX compared to unbound tubulin. In contrast, 

combination effect of both the compounds, DOX 0.01 μM + Br-TMB-Nos 25 μM, increased 

the fluorescence intensity of the tubulin-ANS to 52 % respectively (Figure 4.29b). 
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4.9. Reduction in tumor volume with treatment of Br-TMB-Nos and DOX in single 

and in combination regimen against MCF-7 xenograft animal model  

Treatment with Br-TMB-Nos (150 mg/kg/day), DOX (1.5 mg/kg/week, i.v), or in 

combination (Br-TMB-Nos 300 mg/kg/day+DOX 1.0 mg/kg/week, i.v,) considerably 

decreased tumour volume in comparison to control (P < 0.001) (Figure. 4.30A). Tumor 

volume was reduced to 630 mm3 with combination treatment, 960 mm3 with DOX and 1145 

mm3 from the tumor size of 1630 mm3 from the untreated control group on day 40 post 

tumour implantation. On 40th day tumor cell inoculation, mice were sacrified and tumors 

were removed and weighted. All untreated mice developed solid tumors in sizes ranging 

from 4.5g to 10.5 g (mean 7.8 ± 2.0 g). Whereas, among the treated groups the tumor size 

was significantly regressed and showed only small palpable tumors. Figure 4.30B shows the 

mean tumor weight±standard error of control and experimental mice. Compared to untreated 

control mice, inhibition of tumor growth by the treatment of Br- TMB-Nos and DOX in 

single and in combination regimen was statistically significant (p < 0.001). It is clear from 

these data that combination treatment of both Br-TMB-Nos and DOX reduces the tumor 

size quite dramatically compared to single regimen treatment of Br-TMB-Nos and DOX. In 

addition, we did not observe any apparent weight loss after drug treatment compared to 

control group of mice (Figure 4.30C).   
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Figure 4.30. (A) Progression profile of tumor growth kinetics of in-vivo antitumor effect of 
therapeutics doses of Br-TMB-Nos and DOX alone and in combination regimen on human 
MCF-7 tumor xenograft model (tumor volumes, mm3 ± SEM), (B) and measurement of 
body weight following Br TMB-Nos alone, DOX alone and in combination regimen. Female 
nude mice with xenograft MCF-7 tumors received various treatments for 30 days starting 
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on day 7 post tumor implantation. The mice were treated with Br-TMB-Nos 
(150mg/kg/day), DOX (1.5 mg/kg i.v.) and Br-TMB-Nos 300 mg/kg/day+DOX 1.0 
mg/kg/week. Control group received vehicle only. Statistical significance of the difference 
in tumor volume of treatment groups compared with control. P<0.01 (*, significantly 
different from untreated controls; **, significantly different from Br-TMB-Nos and DOX 
single treatments). This experiment was repeated twice. 

 

4.9.1. Treatment of Br-TMB-Nos and DOX in single and in combination does not 

cause any detectable toxicity 

The severe side effects during chemotherapeutics are a major concern in the 

treatment of cancer patients. Tubulin binding agents for example, vinca alkaloids and 

taxanes, while clinically approved, are known to cause adverse side effects (Rowinsky et 

al., 1997). As a result, there is a need to identify a drug regimen that is both safe and well-

tolerated. We examined the liver, kidney, spleen, lung, heart, brain, and colon of tumor-

bearing mice to see if Br-TMB-Nos and DOX in single as well as in combination treatment 

causes toxicity to normal tissues. Treatment with the compound Br-TMB-Nos at daily doses 

of 150 mg/kg, DOX at a tolerated dose of 1.5 mg/kg body weight once in a week and in 

their combination treatment (Br-TMB-Nos 300 mg/kg/day+DOX 1.0 mg/kg/week, iv) failed 

to reveal any detectable pathological abnormalities in normal tissues involved in normal cell 

proliferation. Figure 4.31 collated at 200x magnification of H&E staining of paraffin-

embedded 5.0 micron-thick sections of the liver, kidney, spleen, lung, heart, colon, and 

brain. Microsections of brain did not reveal any infracted areas. The liver showed normal 

hepatic lobular architecture. The kidneys revealed normal glomeruli, proximal and distal 

tubules, interstitium and blood vessels. The heart muscle showed normal morphology 

among the groups. The lung tissue showed normal alveoli and bronchial airways. 

Furthermore, we observed differences in hematological parameters between treated and 

control animals. 
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Figure 4.31. Represent H&E staining of paraffin-embedded 5.0 micron-thick sections of 
(a)Vehicle, (b) Br-TMB-Nos (150 mg/kg/day), (c) DOX (1.5 mg/kg/week), (d) (Br-TMB-
Nos 300 mg/kg/day + DOX 1.0 mg/kg/week, the colon, brain, heart, lung, spleen, kidney 
and liver at a magnification of 200x. 
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Conclusion 

Tubulin remains a persistent and promising target for anti-cancer therapy. This is 

well validated by the already approved clinically used drug classes such as toxoids and 

vincas. Tubulin binding drugs such as taxanes and vinca alkaloids are the most efficient 

anticancer agents for breast cancer treatment (Chougule et al., 2011). Docetaxel is widely 

used as a chemotherapy agent for patients with advanced breast cancer who have failed to 

respond to other treatments (Kleeberg et al., 2003). However, docetaxel-related serious 

side effects such as neutropenia, fluid retention, hair loss, nail changes and 

hypersensitivity reactions can compromise its clinical efficacy (Baker et al., 2009). 

Controlling side effects associated with docetaxel therapy may improve the quality of life 

and treatment outcomes in cancer patients. Chemotherapeutics side effects are also 

associated with increased in free radicals and related oxidative damage in normal human 

cells (Weijl et al., 1997). It is becoming well-appreciated that a toxic drug at its maximum 

tolerated dose given intermittently is not necessarily better and there exists an opportunity 

to reduce its dose levels by using combination regimens of drugs that display synergistic 

interactions (Jordan and Wilson, 2004). Poor clinical prospects of the current 

chemotherapeutic agents have triggered the development of new treatment modalities such 

as combination therapy for breast cancer. However, due to the emergence of drug 

resistance and the subsequent serious side effects, their therapeutic utility is limited 

(Doddapaneni et al., 2016). In contrast, noscapine, a less toxic orally administered anti-

microtubule agent, clearly indicates antitumor activity in vitro and in vivo against a 

number of cancers (Laden et al., 2002; Zohu et al., 2002; Zhou et al., 2006). Noscapinoids 

as anticancer agents influence subtly modulate microtubule dynamicity, making them 

gentler than other microtubule-targeting drugs currently on the market (Stanton et al., 

2011; Zhang & Kanakkanthara, 2020; De Bono et al., 2015; Seetharaman and Rajan, 
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1995). The ability to modify and synthesize noscapine with new derivatives, as well as the 

drug's efficacy against multiple cancer cell lines, demonstrates the drug's potency and 

signifies the future encampment of noscapinoids for cancer treatment. This distinguishing 

feature of noscapinoids is driving it to the forefront of research into cellular activities that 

rely on microtubule dynamics. Superior microtubule-interfering agents with increased 

antiproliferative activity were found to be water-soluble analogues, inhibiting cancer cell 

proliferation effectively in comparison to the lead molecule. The determination of the 

optimum mass ratio is another important factor for each component within a combination 

drug delivery system. Therefore, to decrease the severe side effects of docetaxel and 

increase its anti-cancer effectiveness we adopted a combination treatment with the 

derivatives of noscapine. Our present in vitro study showed that a combination of 

noscapinoids and docetaxel is effective against MCF-7 cells by inhibiting cell proliferating 

assay, inducing apoptosis and cell cycle kinetics suggesting a novel therapeutic strategy to 

improve the treatment efficiency of breast cancer therapy. 

The extensive molecular modelling study involving molecular docking, molecular 

dynamic simulation and MM-GBSA/MM-PBSA calculation revealed strong binding of 

both noscapinoids and docetaxel with tubulin. Further, both the drug molecules were 

found to bound with tubulin during the entire period of simulation and were well 

accommodated within the binding cavity. The calculated binding energy of noscapinoids 

and docetaxel in terms of molecular docking and MM-GBSA/MM-PBSA was found to be 

significantly reduced when both the molecules were co-docked together onto tubulin 

compared to their single interaction, indicating combination effect of both the molecules.   

In a quest of experimentally validate the chances of combination effects of noscapionoids, 

(Br-Bn-Nos, VPN-Nos, PYBA-Nos, Br-Nos, Amino-Nos, Br-TMB-Nos) with docetaxel 

(DOX), these noscapinoids were chemically synthesised as per the synthetic scheme 
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published earlier. We have performed extensive cellular and biochemical assays to 

validate the improvement in anticancer activity when both the class of molecules were 

applied in combination compared to their single regimen treatment. Antiproliferative 

activity of noscapinoids and docetaxel in single as well as in combination regimen using 

MCF-7 breast cancer cells revealed significant improvement in their activity when applied 

in combination compared to single regimen treatment. Further, isobolographic method of 

evaluation between both the class of molecules revealed a synergistic antiproliferative 

activity. Similarly, the combination regimen of noscapinoids and docetaxel effectively 

interfered with the cell cycle progression of cancer cells compared to their single regimen 

treatment. It was also observed that cytotoxicity of noscapinoids is mediated by perturbed 

DNA synthesis, delayed cell cycle progression at S phase, enhanced fragmentation of 

DNA in the sub G1 population, arrest of cell cycle at G2/M phase and subsequently 

induced apoptosis. The induction of apoptosis to cancer cell is clearly evidenced by altered 

plasma membrane asymmetry and fragmentation of nuclear DNA. Further, the theoretical 

prediction of co-binding of both the molecules with microtubule was experimentally 

validated based on tubulin binding assay with purified tubulin. We found significantly 

high binding affinity between both the molecules when applied in combination compared 

to single regimen treatment. The antitumor activity of noscapinoids and docetaxel in their 

single regiment treatment and in their combination, effect was evaluated by taking a 

xenograft nude mice model and administrating both the molecules in single as well as in 

combination regimen. We administered a normal therapeutic dose of one noscapinoid 

derivative, Br-TMB-Nos 300 mg/kg/day by oral gavage and docetaxel 1.0 mg/kg/week by 

i.v. injection to assess the combination potential of the two drugs. Our in vivo results 

demonstrated that a combination treatment of both the molecules exhibited a synergistic 

effect. The tumor volume was found to be significantly regressed in combination treatment 
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compared to single regimen treatment. Surprisingly, no toxicity has been noticed with the 

vital organs or in blood biochemistry in either single or in combination treatment, 

indicating that high doses of noscapinoids and low doses of docetaxel have a favourable 

toxicity profile. 

In conclusion all these results taken together based on molecular modelling, 

cellular, biochemical studies and in vivo animal experiments revealed the combination 

effect of noscapinoids and docetaxel, compensating for the lack of previous docetaxel-

based combination therapy studies. Finally, we established a proof-of-concept that a 

rational combination of noscapinoids and docetaxel could generate synergistic effects on 

cancer treatment, which is a highly promising and novel approach for the treatment of 

breast cancer. 
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Supporting Information of 9-Amino noscapine  

Copies of 1H, 13C NMR and mass spectra (ESI and HR-MS) of 9-amino-α-noscapine  

 

 



 

 145 

 

 



 

 146 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 147 

Supporting Information of N-3-Br-Benzyl-noscapine 

13C NMR spectra of N-3-Br-Benzyl-noscapine 

 

ESI spectra of N-3-Br-Benzyl-noscapine 

 



 

 148 

Supporting Information of Bromo-noscapine 

 

 



 

 149 

 

Supporting information of Br-TMB-noscapine 
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Supporting information of Pyridyl-3-Boronic Acid-noscapine 
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Table 4.2: VPN_DOX: Geometry of hydrogen bonds and hydrophobic interaction of 
VPN_DOX with the binding site residues of tubulin. 

(a) VPN_Tubulin (b) DOX_Tubulin 
Hydrogen bonding Hydrogen bonding 

Hydrogen 
Donor (D) 

Hydrogen 
Acceptor (A) 

Distance 
(D-A) in Å 

Hydrogen 
Donor (D) 

Hydrogen 
Acceptor (A) 

Distance 
(D-A) in Å 

ASP D 357 OD1 3.67 UNK 900 O13 2.6 
VAL D 355 O 4.22 UNK 900 O2 2.71 
UNK 901 O16 3.16 GLY D 370 O 3.69 
UNK 901 O21 4.39 ARG D 369 O 4.96 
UNK 901 O18 3.13 ARG D 284 O 2.66 

PRO D 245 O 4.48 GLN D 281 OE1 4.73 
UNK 901 O19 4.11 GLN D 281 OE1 3.56 

   UNK 900 O3 3.57 
   GLN D 281 O 3.89 
   UNK 900 O3 4.85 
   UNK 900 O2 3.05 
   UNK 900 O3 4.34 
   UNK 900 O2 3.93 

Hydrophobic interaction Hydrophobic interaction 
VPN Tubulin Distance DOX Tubulin Distance 

ASP D 357 OD2 4.23 LYS D 372 NZ 4.11 
ASP D 357 OD2 3.41 LYS D 372 NZ 4.53 
ASP D 357 OD2 4.35 LYS D 372 NZ 4.83 
ASP D 357 OD1 3.44 LYS D 372 CE 3.76 
ASP D 357 OD1 3.23 LYS D 372 CE 4.58 
ASP D 357 OD1 4.04 LYS D 372 CE 4.11 
ASP D 357 CG 4.2 LYS D 372 CE 3.44 
ASP D 357 CG 3.81 LYS D 372 CE 4.05 
ASP D 357 CG 3.57 LYS D 372 CD 4.17 
ASP D 357 CG 4.58 LYS D 372 CD 4.95 
ASP D 357 CB 4.48 LYS D 372 CG 3.77 
ASP D 357 CB 4.89 LYS D 372 CG 4.56 
ASP D 357 CA 4.87 LYS D 372 CG 4.99 
ASP D 357 N 3.99 LEU D 371 CD2 4.97 
ASP D 357 N 4.97 LEU D 371 CD2 4.93 
CYS D 356 C 4.57 LEU D 371 CD2 4.16 
CYS D 356 CA 4.25 LEU D 371 CD2 4.11 
CYS D 356 N 4.99 LEU D 371 CD2 3.16 
CYS D 356 N 4.96 LEU D 371 CD2 3.58 
VAL D 355 CG2 4.97 LEU D 371 CD2 4.16 
VAL D 355 CB 4.84 LEU D 371 CD2 3.98 
VAL D 355 CB 4.91 LEU D 371 CD2 4.23 
VAL D 355 O 3.88 LEU D 371 CD2 3.79 
VAL D 355 O 4.31 LEU D 371 CD2 4.8 
VAL D 355 O 4.08 LEU D 371 CD1 4.09 
VAL D 355 O 4.96 LEU D 371 CD1 4.82 
VAL D 355 O 4.69 LEU D 371 CD1 4.95 
VAL D 355 O 3.68 LEU D 371 CG 4.5 
VAL D 355 O 3.32 LEU D 371 CG 4.78 
VAL D 355 O 3.52 LEU D 371 CG 4.96 
VAL D 355 O 2.82 LEU D 371 CG 4.24 
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VAL D 355 O 4.09 LEU D 371 CG 4.74 
VAL D 355 C 4.82 LEU D 371 CG 4.25 
VAL D 355 C 4.63 LEU D 371 CG 4.85 
VAL D 355 C 4.42 GLY D 370 O 4.34 
VAL D 355 C 4.47 GLY D 370 O 3.82 
VAL D 355 C 4.17 GLY D 370 O 3.74 
VAL D 355 C 4.04 GLY D 370 O 4.76 
VAL D 355 CA 4.9 GLY D 370 O 4.24 
VAL D 355 CA 4.86 GLY D 370 O 4.84 
VAL D 355 CA 4.95 GLY D 370 C 4.79 
VAL D 355 N 4.7 GLY D 370 C 4.58 
VAL D 355 N 4.92 GLY D 370 C 4.47 
VAL D 355 N 4.74 GLY D 370 CA 3.81 
VAL D 355 N 4.32 GLY D 370 CA 4.95 
VAL D 355 N 4.13 GLY D 370 CA 4.85 
VAL D 355 N 4.47 GLY D 370 N 4.45 
VAL D 355 N 4.32 ARG D 369 O 4.83 
VAL D 355 N 4.84 ARG D 369 O 3.62 
ALA D 354 CB 4.02 ARG D 369 O 4.02 
ALA D 354 CB 3.88 ARG D 369 O 3.23 
ALA D 354 CB 4.66 ARG D 369 C 4.36 
ALA D 354 CB 4.8 ARG D 369 C 4.42 
ALA D 354 CB 4.45 LEU D 286 CD2 3.92 
ALA D 354 C 4.83 LEU D 286 CD2 4.34 
ALA D 354 C 4.84 LEU D 286 CD2 4.3 
ALA D 354 C 4.86 LEU D 286 CD2 4.85 
ALA D 354 C 4.95 LEU D 286 CD2 4.39 
ALA D 354 CA 4.37 LEU D 286 CD2 4.19 
ALA D 354 CA 4.81 LEU D 286 CD1 4.87 
ALA D 354 CA 3.87 LEU D 286 CG 4.34 
ALA D 354 CA 4.54 LEU D 286 CG 4.68 
ALA D 354 CA 4.92 LEU D 286 CG 4.91 
ALA D 354 CA 4.29 LEU D 286 CG 4.96 
ALA D 354 CA 4.67 LEU D 286 CB 3.48 
ALA D 354 CA 4.78 LEU D 286 CB 4.96 
ALA D 354 N 4.7 LEU D 286 CB 4.2 
THR D 353 CG2 4.76 LEU D 286 CB 4.34 
THR D 353 O 3.83 LEU D 286 CB 4.34 
THR D 353 O 3.87 LEU D 286 CB 3.59 
THR D 353 O 4.74 LEU D 286 CB 4.36 
THR D 353 C 4.44 LEU D 286 CB 4.95 
THR D 353 C 4.97 LEU D 286 CB 4.49 
THR D 353 C 4.72 LEU D 286 O 4.75 
ASP D 329 OD1 4.58 LEU D 286 CA 4.6 
MET D 325 CE 4.7 LEU D 286 CA 3.84 
MET D 325 CE 4.16 LEU D 286 CA 4.9 
MET D 325 CE 3.41 LEU D 286 CA 4.86 
MET D 325 CE 3.44 LEU D 286 N 4.39 
MET D 325 CE 4.62 LEU D 286 N 4.96 
MET D 325 CE 4.56 LEU D 286 N 4.13 
MET D 325 SD 3.88 LEU D 286 N 4.25 
MET D 325 SD 4.4 LEU D 286 N 4.15 
MET D 325 SD 4.13 LEU D 286 N 4.87 
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MET D 325 SD 3.57 ALA D 285 CB 4.82 
MET D 325 SD 4.33 ALA D 285 CB 4.37 
MET D 325 CG 4.85 ALA D 285 CB 4.86 
MET D 325 CG 4.66 ALA D 285 CB 4.92 
LEU D 248 CB 4.24 ALA D 285 CB 3.82 
LEU D 248 CB 4.34 ALA D 285 C 3.47 
LEU D 248 CB 4.77 ALA D 285 C 4.67 
LEU D 248 CA 4.8 ALA D 285 C 4.64 
LEU D 248 CA 4.96 ALA D 285 C 4.7 
LEU D 248 CA 4.91 ALA D 285 C 4.98 
LEU D 248 N 4.07 ALA D 285 CA 3.47 
GLN D 247 OE1 4.82 ALA D 285 CA 4.42 
GLN D 247 NE2 3.26 ALA D 285 CA 3.66 
GLN D 247 NE2 4.13 ALA D 285 CA 4.08 
GLN D 247 NE2 4.14 ALA D 285 CA 4.74 
GLN D 247 NE2 4.41 ALA D 285 CA 4.98 
GLN D 247 CD 3.8 ALA D 285 CA 4.07 
GLN D 247 CD 4.09 ALA D 285 N 4.96 
GLN D 247 CD 3.82 ALA D 285 N 4.82 
GLN D 247 CD 4.81 ARG D 284 O 4.92 
GLN D 247 CD 4.78 ARG D 284 O 3.49 
GLN D 247 CD 4.92 ARG D 284 O 3.91 
GLN D 247 CG 4.4 ARG D 284 C 3.65 
GLN D 247 CG 4.7 ARG D 284 C 4.56 
GLN D 247 CG 3.71 ARG D 284 C 3.98 
GLN D 247 CG 3.47 ARG D 284 C 4.71 
GLN D 247 CG 4.78 GLN D 281 OE1 3.92 
GLN D 247 CG 4.89 GLN D 281 OE1 4.62 
GLN D 247 CG 3.54 GLN D 281 OE1 3.83 
GLN D 247 CG 4.61 GLN D 281 OE1 3.59 
GLN D 247 CG 4.31 GLN D 281 OE1 3.96 
GLN D 247 CG 4.32 GLN D 281 OE1 4.76 
GLN D 247 CB 3.71 GLN D 281 OE1 4.04 
GLN D 247 CB 4.14 GLN D 281 OE1 3.63 
GLN D 247 CB 4.77 GLN D 281 OE1 4.24 
GLN D 247 CB 4.45 GLN D 281 NE2 3.8 
GLN D 247 CB 4.55 GLN D 281 NE2 4.36 
GLN D 247 CB 4.67 GLN D 281 NE2 4.87 
GLN D 247 CB 4.96 GLN D 281 NE2 3.66 
GLN D 247 CB 4.92 GLN D 281 NE2 4.17 
GLN D 247 C 4.72 GLN D 281 NE2 4.98 
GLN D 247 C 4.95 GLN D 281 NE2 3.9 
GLN D 247 C 4.64 GLN D 281 NE2 3.52 
GLN D 247 CA 4.6 GLN D 281 NE2 4.37 
GLN D 247 CA 4.72 GLN D 281 NE2 4.85 
GLN D 247 CA 4.79 GLN D 281 CD 4.66 
GLN D 247 CA 4.73 GLN D 281 CD 3.45 
GLN D 247 CA 4.25 GLN D 281 CD 3.71 
GLN D 247 CA 4.88 GLN D 281 CD 4.23 
GLN D 247 N 4.72 GLN D 281 CD 4.84 
GLN D 247 N 4.01 GLN D 281 CD 4.43 
GLN D 247 N 4.82 GLN D 281 CD 4.08 
GLN D 247 N 4.49 GLN D 281 CD 3.85 
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GLN D 247 N 3.73 GLN D 281 CD 3.86 
GLY D 246 O 4.21 GLN D 281 CD 3.99 
GLY D 246 C 3.74 GLN D 281 CD 4.59 
GLY D 246 C 3.98 GLN D 281 CD 4.7 
GLY D 246 C 3.63 GLN D 281 CG 4.69 
GLY D 246 C 4.16 GLN D 281 CG 3.44 
GLY D 246 C 4.43 GLN D 281 CG 3.92 
GLY D 246 CA 3.63 GLN D 281 CG 4.12 
GLY D 246 CA 3.73 GLN D 281 CG 4.44 
GLY D 246 CA 3.16 GLN D 281 CG 4.21 
GLY D 246 CA 4.7 GLN D 281 CG 4.81 
GLY D 246 CA 3.47 GLN D 281 CB 4.2 
GLY D 246 CA 3.37 GLN D 281 CB 4.45 
GLY D 246 CA 4.57 GLN D 281 CB 4.53 
GLY D 246 CA 4.68 GLN D 281 CB 4.27 
GLY D 246 CA 4.98 GLN D 281 CB 4.5 
GLY D 246 N 3.84 GLN D 281 CB 4.01 
GLY D 246 N 4.67 GLN D 281 O 4.34 
PRO D 245 CB 4.82 GLN D 281 O 4.71 
PRO D 245 O 4.78 GLN D 281 O 3.48 
PRO D 245 O 3.81 GLN D 281 O 3.57 
PRO D 245 O 4.48 GLN D 281 C 4.87 
PRO D 245 O 4.39 GLN D 281 C 4.67 
PRO D 245 O 4.17 GLN D 281 C 4.28 
PRO D 245 C 4.42 GLN D 281 C 4.05 
PRO D 245 C 4.85 GLN D 281 C 4.66 
PRO D 245 C 4.79 GLN D 281 CA 4.51 
PRO D 245 C 4.25 GLN D 281 CA 4.33 
PRO D 245 C 4.78 GLN D 281 CA 4.84 
TYR A 224 CE1 4.82 ARG D 278 NH2 3.95 
TYR A 224 CE1 4.6 ARG D 278 CZ 3.83 
TYR A 224 CD1 4.39 ARG D 278 CZ 4.92 
TYR A 224 CD1 3.88 ARG D 278 CG 4.62 
TYR A 224 CG 4.8 THR D 276 O 4.26 
TYR A 224 CB 4.8 THR D 276 O 3.54 
TYR A 224 N 4.47 THR D 276 O 4.26 
THR A 223 OG1 4.83 THR D 276 C 4.64 
THR A 223 OG1 4.74 THR D 276 N 4.47 
THR A 223 CG2 4.82 THR D 276 N 4.62 
THR A 223 CG2 4.62 LEU D 275 CD2 4.58 
THR A 223 CG2 4.06 LEU D 275 CD2 4.27 
THR A 223 CG2 4.06 LEU D 275 C 4.95 
THR A 223 CG2 3.88 LEU D 275 CA 4.89 
THR A 223 CG2 3.64 LEU D 275 CA 4.27 
THR A 223 CG2 3.66 LEU D 275 N 4.98 
THR A 223 CG2 3.9 LEU D 275 N 4.73 
THR A 223 CG2 4.74 PRO D 274 CB 4.74 
THR A 223 CG2 3.77 PRO D 274 CG 4.59 
THR A 223 CG2 4.55 PRO D 274 CG 4.25 
THR A 223 CG2 4.7 PRO D 274 CG 4.58 
THR A 223 CB 4.72 PRO D 274 CG 4.55 
THR A 223 CB 4.87 PRO D 274 O 4.16 
THR A 223 CB 4.88 PRO D 274 O 3.15 
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THR A 223 CB 4.75 PRO D 274 O 3.45 
THR A 223 CB 4.27 PRO D 274 O 4.62 
THR A 223 CB 3.62 PRO D 274 C 4.23 
THR A 223 CB 4.76 PRO D 274 C 4.34 
THR A 223 CA 4.92 PHE D 272 CE2 4.43 
THR A 223 CA 4.64 HIS D 229 NE2 3.46 
ARG A 221 NH2 3.25 HIS D 229 NE2 4.1 
ARG A 221 NH2 4.96 HIS D 229 NE2 3.69 
ARG A 221 NH2 4.5 HIS D 229 CE1 4.6 
ARG A 221 NH1 4.67 HIS D 229 CE1 4.29 
ARG A 221 NH1 4.91 HIS D 229 CE1 4.53 
ARG A 221 NH1 4.94 HIS D 229 CE1 3.91 
ARG A 221 CZ 4.02 HIS D 229 CD2 4.51 
ARG A 221 CZ 3.87 LEU D 217 CD2 4.1 
ARG A 221 CZ 4.91 LEU D 217 CD2 3.95 
ARG A 221 NE 4.62 LEU D 217 CD1 4.97 

 

Table 4.3: Amino-Nos_DOX: Geometry of hydrogen bonds and hydrophobic 
interaction of Amino-Nos _DOX with the binding site residues of tubulin. 

(a) Amino_Tubulin (b) DOX_Tubulin 
Hydrogen bonding Hydrogen bonding 

Hydrogen 
Donor (D) 

Hydrogen 
Acceptor 

(A) 

Distance 
(D-A) in 

Å 

Hydrogen 
Donor (D) 

Hydrogen 
Acceptor 

(A) 

Distance 
(D-A) in 

Å 
ASP D 357 OD1 4.23 O12 DOX O13 2.6 

Amino O16 2.92 O3 DOX O2 2.71 
Amino O19 2.8 GLY D 370 O 3.69 

PRO D 245 O 4.03 ARG D 369 O 4.96 
Amino O21 3.46 ARG D 284 O 2.66 
Amino O21 3.43 GLN D 281 OE1 4.73 

   GLN D 281 OE1 3.56 
   NE2 DOX O3 3.57 
   GLN D 281 O 3.89 
   NH2 DOX O3 4.85 
   NH2 DOX O2 3.05 
   NE DOX O3 4.34 
   NE DOX O2 3.93 
Hydrophobic interaction Hydrophobic interaction 

Amino Tubulin Distance DOX Tubulin Distance 
C53 ASP D 357 OD2 3.89 C25 LYS D 372 NZ 4.11 
C53 ASP D 357 OD2 3.89 C24 LYS D 372 NZ 4.53 
C52 ASP D 357 OD2 3.69 C20 LYS D 372 NZ 4.83 
C53 ASP D 357 OD1 3.42 C25 LYS D 372 CE 3.76 
C52 ASP D 357 OD1 4.1 C24 LYS D 372 CE 4.58 
C49 ASP D 357 OD1 4.68 C20 LYS D 372 CE 4.11 
C45 ASP D 357 OD1 4.94 O8 LYS D 372 CE 3.44 
C53 ASP D 357 CG 3.96 C19 LYS D 372 CE 4.05 
C52 ASP D 357 CG 4.23 O8 LYS D 372 CD 4.17 
C61 VAL D 355 O 3.01 C19 LYS D 372 CD 4.95 
C60 VAL D 355 O 3.48 O8 LYS D 372 CG 3.77 
C59 VAL D 355 O 4.58 C19 LYS D 372 CG 4.56 
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C57 VAL D 355 O 4.83 C16 LYS D 372 CG 4.99 
C56 VAL D 355 O 3.85 C40 LEU D 371 CD2 4.97 
C54 VAL D 355 O 4.4 C16 LEU D 371 CD2 4.93 
C53 VAL D 355 O 4.87 C15 LEU D 371 CD2 4.16 
C52 VAL D 355 O 4.52 O5 LEU D 371 CD2 4.11 
C61 VAL D 355 C 4.15 O4 LEU D 371 CD2 3.16 
C60 VAL D 355 C 4.46 C14 LEU D 371 CD2 3.58 
C56 VAL D 355 C 4.88 C13 LEU D 371 CD2 4.16 
C61 VAL D 355 CA 4.77 C12 LEU D 371 CD2 3.98 
C64 VAL D 355 N 4.97 C7 LEU D 371 CD2 4.23 
C61 VAL D 355 N 4.35 C6 LEU D 371 CD2 3.79 
C60 VAL D 355 N 4.33 N1 LEU D 371 CD2 4.8 
C59 VAL D 355 N 4.61 C12 LEU D 371 CD1 4.09 
C58 VAL D 355 N 4.91 C11 LEU D 371 CD1 4.82 
C57 VAL D 355 N 4.9 C6 LEU D 371 CD1 4.95 
C56 VAL D 355 N 4.64 O4 LEU D 371 CG 4.5 
C64 ALA D 354 CB 3.2 C14 LEU D 371 CG 4.78 
C63 ALA D 354 CB 4.58 C13 LEU D 371 CG 4.96 
O19 ALA D 354 CB 3.78 C12 LEU D 371 CG 4.24 
C60 ALA D 354 CB 4.55 C7 LEU D 371 CG 4.74 
C59 ALA D 354 CB 4.15 C6 LEU D 371 CG 4.25 
C58 ALA D 354 CB 4.79 N1 LEU D 371 CG 4.85 
C64 ALA D 354 CA 4.26 C14 GLY D 370 O 4.34 
C63 ALA D 354 CA 4.15 C13 GLY D 370 O 3.82 
O19 ALA D 354 CA 4.44 C6 GLY D 370 O 3.74 
O18 ALA D 354 CA 4.94 C5 GLY D 370 O 4.76 
C60 ALA D 354 CA 4.83 C3 GLY D 370 O 4.24 
C59 ALA D 354 CA 4.41 C1 GLY D 370 O 4.84 
C58 ALA D 354 CA 4.64 C6 GLY D 370 C 4.79 
C63 ALA D 354 N 4.57 N1 GLY D 370 C 4.58 
C63 THR D 353 O 3.03 C3 GLY D 370 C 4.47 
C58 THR D 353 O 4.89 C3 GLY D 370 CA 3.81 
C63 THR D 353 C 4.12 C2 GLY D 370 CA 4.95 
N3 MET D 325 CE 3.45 C1 GLY D 370 CA 4.85 
C62 MET D 325 CE 4.38 C3 GLY D 370 N 4.45 
C56 MET D 325 CE 4.49 C4 ARG D 369 O 4.83 
C55 MET D 325 CE 4.53 C3 ARG D 369 O 3.62 
O17 MET D 325 CE 3.46 C2 ARG D 369 O 4.02 
C54 MET D 325 CE 3.33 C1 ARG D 369 O 3.23 
C52 MET D 325 CE 3.88 C3 ARG D 369 C 4.36 
C51 MET D 325 CE 3.98 C1 ARG D 369 C 4.42 
O21 MET D 325 SD 4.91 C43 LEU D 286 CD2 3.92 
C55 MET D 325 SD 4.48 C40 LEU D 286 CD2 4.34 
O17 MET D 325 SD 3.83 C39 LEU D 286 CD2 4.3 
C54 MET D 325 SD 4.17 C38 LEU D 286 CD2 4.85 
O17 MET D 325 CG 4.65 C16 LEU D 286 CD2 4.39 
C64 LEU D 248 CG 4.85 C15 LEU D 286 CD2 4.19 
O19 LEU D 248 CG 4.96 C40 LEU D 286 CD1 4.87 
C64 LEU D 248 CB 3.67 C43 LEU D 286 CG 4.34 
C63 LEU D 248 CB 4.37 C40 LEU D 286 CG 4.68 
O19 LEU D 248 CB 3.55 C39 LEU D 286 CG 4.91 
O18 LEU D 248 CB 4.62 O14 LEU D 286 CG 4.96 
C59 LEU D 248 CB 4.78 C43 LEU D 286 CB 3.48 
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C64 LEU D 248 O 3.34 C41 LEU D 286 CB 4.96 
C64 LEU D 248 C 4.05 C40 LEU D 286 CB 4.2 
O19 LEU D 248 C 4.37 C39 LEU D 286 CB 4.34 
C64 LEU D 248 CA 3.88 C38 LEU D 286 CB 4.34 
O19 LEU D 248 CA 3.71 O14 LEU D 286 CB 3.59 
C64 LEU D 248 N 3.32 C37 LEU D 286 CB 4.36 
C63 LEU D 248 N 4.68 C36 LEU D 286 CB 4.95 
C59 LEU D 248 N 4.03 C35 LEU D 286 CB 4.49 
C58 LEU D 248 N 4.58 C35 LEU D 286 O 4.75 
C65 GLN D 247 NE2 3.65 C43 LEU D 286 CA 4.6 
C48 GLN D 247 NE2 3.71 O14 LEU D 286 CA 3.84 
C46 GLN D 247 NE2 4.03 C37 LEU D 286 CA 4.9 
C44 GLN D 247 NE2 4.52 C35 LEU D 286 CA 4.86 
C65 GLN D 247 CD 4.32 C43 LEU D 286 N 4.39 
O20 GLN D 247 CD 4.39 C38 LEU D 286 N 4.96 
O16 GLN D 247 CD 3.56 C37 LEU D 286 N 4.13 
C48 GLN D 247 CD 4.41 C36 LEU D 286 N 4.25 
C46 GLN D 247 CD 4.65 C35 LEU D 286 N 4.15 
C65 GLN D 247 CG 3.99 C34 LEU D 286 N 4.87 
O20 GLN D 247 CG 3.66 O14 ALA D 285 CB 4.82 
O19 GLN D 247 CG 4.53 O13 ALA D 285 CB 4.37 
O18 GLN D 247 CG 3.97 C36 ALA D 285 CB 4.86 
C59 GLN D 247 CG 4.33 C35 ALA D 285 CB 4.92 
C58 GLN D 247 CG 4.07 O12 ALA D 285 CB 3.82 
C57 GLN D 247 CG 4.55 O14 ALA D 285 C 3.47 
O16 GLN D 247 CG 3.55 C37 ALA D 285 C 4.67 
C48 GLN D 247 CG 4.64 O13 ALA D 285 C 4.64 
C46 GLN D 247 CG 4.32 C36 ALA D 285 C 4.7 
C44 GLN D 247 CG 4.42 C35 ALA D 285 C 4.98 
C64 GLN D 247 CB 4.9 O14 ALA D 285 CA 3.47 
C63 GLN D 247 CB 4.66 C37 ALA D 285 CA 4.42 
O20 GLN D 247 CB 4.87 O13 ALA D 285 CA 3.66 
O19 GLN D 247 CB 3.71 C36 ALA D 285 CA 4.08 
O18 GLN D 247 CB 3.46 C35 ALA D 285 CA 4.74 
C60 GLN D 247 CB 4.94 C34 ALA D 285 CA 4.98 
C59 GLN D 247 CB 3.96 O12 ALA D 285 CA 4.07 
C58 GLN D 247 CB 3.86 C37 ALA D 285 N 4.96 
C57 GLN D 247 CB 4.78 C36 ALA D 285 N 4.82 
O16 GLN D 247 CB 4.72 C38 ARG D 284 O 4.92 
C64 GLN D 247 C 4.24 C37 ARG D 284 O 3.49 
O19 GLN D 247 C 3.62 C36 ARG D 284 O 3.91 
O18 GLN D 247 C 4.71 O14 ARG D 284 C 3.65 
C59 GLN D 247 C 4.63 C37 ARG D 284 C 4.56 
C64 GLN D 247 CA 4.34 O13 ARG D 284 C 3.98 
O19 GLN D 247 CA 3.51 C36 ARG D 284 C 4.71 
O18 GLN D 247 CA 4.37 C42 GLN D 281 OE1 3.92 
C60 GLN D 247 CA 4.93 C41 GLN D 281 OE1 4.62 
C59 GLN D 247 CA 4.13 C40 GLN D 281 OE1 3.83 
C58 GLN D 247 CA 4.53 C39 GLN D 281 OE1 3.59 
O16 GLN D 247 CA 4.85 C38 GLN D 281 OE1 3.96 
C64 GLN D 247 N 3.42 C37 GLN D 281 OE1 4.76 
C61 GLN D 247 N 4.85 C15 GLN D 281 OE1 4.04 
C60 GLN D 247 N 3.8 C14 GLN D 281 OE1 3.63 
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C59 GLN D 247 N 3.31 C13 GLN D 281 OE1 4.24 
C58 GLN D 247 N 4.08 C40 GLN D 281 NE2 3.8 
C48 GLN D 247 N 4.67 C39 GLN D 281 NE2 4.36 
C46 GLN D 247 N 4.86 C15 GLN D 281 NE2 4.87 
C48 GLY D 246 O 4.23 C14 GLN D 281 NE2 3.66 
C64 GLY D 246 C 3.95 C13 GLN D 281 NE2 4.17 
O19 GLY D 246 C 3.73 C10 GLN D 281 NE2 4.98 
C60 GLY D 246 C 4.22 C9 GLN D 281 NE2 3.9 
C59 GLY D 246 C 4.15 C8 GLN D 281 NE2 3.52 
O16 GLY D 246 C 4 C7 GLN D 281 NE2 4.37 
C48 GLY D 246 C 4.07 C6 GLN D 281 NE2 4.85 
O15 GLY D 246 C 4.57 C42 GLN D 281 CD 4.66 
C46 GLY D 246 C 4.74 C40 GLN D 281 CD 3.45 
C64 GLY D 246 CA 3.71 C39 GLN D 281 CD 3.71 
O19 GLY D 246 CA 3.81 C38 GLN D 281 CD 4.23 
C61 GLY D 246 CA 4.43 C37 GLN D 281 CD 4.84 
C60 GLY D 246 CA 3.54 C15 GLN D 281 CD 4.43 
C59 GLY D 246 CA 3.97 O5 GLN D 281 CD 4.08 
O16 GLY D 246 CA 4 O4 GLN D 281 CD 3.85 
C48 GLY D 246 CA 3.9 C14 GLN D 281 CD 3.86 
O15 GLY D 246 CA 3.91 O3 GLN D 281 CD 3.99 
C47 GLY D 246 CA 4.31 C13 GLN D 281 CD 4.59 
C46 GLY D 246 CA 4.36 C8 GLN D 281 CD 4.7 
C60 GLY D 246 N 4.72 C42 GLN D 281 CG 4.69 
C48 GLY D 246 N 3.64 C40 GLN D 281 CG 3.44 
C47 GLY D 246 N 4.21 C39 GLN D 281 CG 3.92 
C46 GLY D 246 N 4.63 C38 GLN D 281 CG 4.12 
C45 GLY D 246 N 4.99 O14 GLN D 281 CG 4.44 
N2 PRO D 245 CB 3.86 C37 GLN D 281 CG 4.21 
C48 PRO D 245 CB 3.97 O4 GLN D 281 CG 4.81 
O15 PRO D 245 CB 3.04 C42 GLN D 281 CB 4.2 
C47 PRO D 245 CB 4.08 C40 GLN D 281 CB 4.45 
C45 PRO D 245 CB 4.45 C39 GLN D 281 CB 4.53 
N2 PRO D 245 CG 4.66 C38 GLN D 281 CB 4.27 
O15 PRO D 245 CG 4.39 O14 GLN D 281 CB 4.5 
C61 PRO D 245 O 4.88 C37 GLN D 281 CB 4.01 
C60 PRO D 245 O 4.51 C42 GLN D 281 O 4.34 
C48 PRO D 245 O 4.69 C38 GLN D 281 O 4.71 
C47 PRO D 245 O 4.16 C37 GLN D 281 O 3.48 
C46 PRO D 245 O 5 C36 GLN D 281 O 3.57 
C45 PRO D 245 O 4.27 C42 GLN D 281 C 4.87 
N2 PRO D 245 C 4.45 O14 GLN D 281 C 4.67 
O16 PRO D 245 C 4.85 C37 GLN D 281 C 4.28 
C48 PRO D 245 C 4.1 O13 GLN D 281 C 4.05 
O15 PRO D 245 C 3.44 C36 GLN D 281 C 4.66 
C47 PRO D 245 C 4.16 O14 GLN D 281 CA 4.51 
C46 PRO D 245 C 4.93 C37 GLN D 281 CA 4.33 
C45 PRO D 245 C 4.62 O13 GLN D 281 CA 4.84 
N2 PRO D 245 CA 4.79 C5 ARG D 278 NH2 3.95 
C48 PRO D 245 CA 4.53 O2 ARG D 278 CZ 3.83 
O15 PRO D 245 CA 3.81 C5 ARG D 278 CZ 4.92 
C47 PRO D 245 CA 4.8 O3 ARG D 278 CG 4.62 
C64 CYS D 241 SG 3.96 C10 THR D 276 O 4.26 
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C64 CYS D 241 CB 4.98 C9 THR D 276 O 3.54 
N2 LEU D 42 CD2 4.45 C8 THR D 276 O 4.26 

C65 TYR A 224 CD1 4.56 C9 THR D 276 C 4.64 
C62 THR A 223 CG2 4.79 C10 THR D 276 N 4.47 
C63 ARG A 221 NH2 4.84 C9 THR D 276 N 4.62 
C55 ARG A 221 NH2 4.46 C11 LEU D 275 CD2 4.58 
C55 ARG A 221 NH1 4.36 C10 LEU D 275 CD2 4.27 
O21 ARG A 221 CZ 3.71 C10 LEU D 275 C 4.95 
C55 ARG A 221 CZ 4.61 C11 LEU D 275 CA 4.89 

   C10 LEU D 275 CA 4.27 
   C11 LEU D 275 N 4.98 
   C10 LEU D 275 N 4.73 
   C40 PRO D 274 CB 4.74 
   C40 PRO D 274 CG 4.59 
   O4 PRO D 274 CG 4.25 
   C12 PRO D 274 CG 4.58 
   C11 PRO D 274 CG 4.55 
   C12 PRO D 274 O 4.16 
   C11 PRO D 274 O 3.15 
   C10 PRO D 274 O 3.45 
   C9 PRO D 274 O 4.62 
   C11 PRO D 274 C 4.23 
   C10 PRO D 274 C 4.34 
   C11 PHE D 272 CE2 4.43 
   C4 HIS D 229 NE2 3.46 
   C2 HIS D 229 NE2 4.1 
   C1 HIS D 229 NE2 3.69 
   O1 HIS D 229 CE1 4.6 
   C4 HIS D 229 CE1 4.29 
   C2 HIS D 229 CE1 4.53 
   C1 HIS D 229 CE1 3.91 
   C4 HIS D 229 CD2 4.51 
   C10 LEU D 217 CD2 4.1 
   C9 LEU D 217 CD2 3.95 
   C10 LEU D 217 CD1 4.97 

 

Table 4.4: Br-Nos_DOX: Geometry of hydrogen bonds and hydrophobic interaction 
of Br-Nos _DOX with the binding site residues of tubulin. 

(a) Br- Nos_Tubulin (b) DOX_Tubulin 
Hydrogen bonding Hydrogen bonding 

Hydrogen 
Donor (D) 

Hydrogen 
Acceptor (A) 

Distance 
(D-A) in 

Å 

Hydrogen 
Donor (D) 

Hydrogen 
Acceptor 

(A) 

Distance 
(D-A) in 

Å 
ASP D 357 OD2 4.89 O12 DOX 900 O13 2.6 
VAL D 355 O 2.83 O3 DOX 900 O2 2.71 

Bromo BR1 3.12 N1 GLY D 370 O 3.69 
Bromo O15 3.95 N1 ARG D 369 O 4.96 
Bromo O21 2.83 O14 ARG D 284 O 2.66 
Bromo O19 2.99 O6 GLN D 281 OE1 4.73 
Bromo O16 3.8 O3 GLN D 281 OE1 3.56 

   NE2 UNK 900 O3 3.57 
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   O14 GLN D 281 O 3.89 
   NH2 DOX 900 O3 4.85 
   NH2 DOX 900 O2 3.05 
   NE DOX 900 O3 4.34 
   NE DOX 900 O2 3.93 
Hydrophobic interaction Hydrophobic interaction  

BrBn_Nos_Tubulin Tubulin Distance DOX Tubulin Distance 
ASP D 357 OD2 3.79 C25 LYS D 372 NZ 4.11 
ASP D 357 OD1 4.26 C24 LYS D 372 NZ 4.53 
ASP D 357 CG 4.3 C20 LYS D 372 NZ 4.83 
VAL D 355 CG2 3.83 C25 LYS D 372 CE 3.76 
VAL D 355 CG2 4.73 C24 LYS D 372 CE 4.58 
VAL D 355 CG2 4.59 C20 LYS D 372 CE 4.11 
VAL D 355 CG2 4.71 O8 LYS D 372 CE 3.44 
VAL D 355 CB 4.58 C19 LYS D 372 CE 4.05 
VAL D 355 CB 4.95 O8 LYS D 372 CD 4.17 
VAL D 355 CB 3.99 C19 LYS D 372 CD 4.95 
VAL D 355 CB 4.29 O8 LYS D 372 CG 3.77 
VAL D 355 CB 3.91 C19 LYS D 372 CG 4.56 
VAL D 355 CB 4.48 C16 LYS D 372 CG 4.99 
VAL D 355 O 3.74 C40 LEU D 371 CD2 4.97 
VAL D 355 O 4.82 C16 LEU D 371 CD2 4.93 
VAL D 355 O 4.97 C15 LEU D 371 CD2 4.16 
VAL D 355 O 4.13 O5 LEU D 371 CD2 4.11 
VAL D 355 O 4.51 O4 LEU D 371 CD2 3.16 
VAL D 355 O 2.9 C14 LEU D 371 CD2 3.58 
VAL D 355 O 4.8 C13 LEU D 371 CD2 4.16 
VAL D 355 O 3.33 C12 LEU D 371 CD2 3.98 
VAL D 355 O 3.41 C7 LEU D 371 CD2 4.23 
VAL D 355 O 4.81 C6 LEU D 371 CD2 3.79 
VAL D 355 C 3.96 N1 LEU D 371 CD2 4.8 
VAL D 355 C 4.68 C12 LEU D 371 CD1 4.09 
VAL D 355 C 4.7 C11 LEU D 371 CD1 4.82 
VAL D 355 C 4.19 C6 LEU D 371 CD1 4.95 
VAL D 355 C 3.74 O4 LEU D 371 CG 4.5 
VAL D 355 C 4.56 C14 LEU D 371 CG 4.78 
VAL D 355 C 4.42 C13 LEU D 371 CG 4.96 
VAL D 355 CA 4.71 C12 LEU D 371 CG 4.24 
VAL D 355 CA 4.32 C7 LEU D 371 CG 4.74 
VAL D 355 CA 4.31 C6 LEU D 371 CG 4.25 
VAL D 355 CA 4.53 N1 LEU D 371 CG 4.85 
VAL D 355 CA 3.82 C14 GLY D 370 O 4.34 
VAL D 355 CA 4.74 C13 GLY D 370 O 3.82 
VAL D 355 N 3.44 C6 GLY D 370 O 3.74 
VAL D 355 N 4.43 C5 GLY D 370 O 4.76 
VAL D 355 N 4.2 C3 GLY D 370 O 4.24 
VAL D 355 N 3.38 C1 GLY D 370 O 4.84 
VAL D 355 N 4.37 C6 GLY D 370 C 4.79 
VAL D 355 N 3.24 N1 GLY D 370 C 4.58 
VAL D 355 N 4.54 C3 GLY D 370 C 4.47 
ALA D 354 CB 4.4 C3 GLY D 370 CA 3.81 
ALA D 354 CB 4.95 C2 GLY D 370 CA 4.95 
ALA D 354 CB 4.84 C1 GLY D 370 CA 4.85 
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ALA D 354 CB 4.41 C3 GLY D 370 N 4.45 
ALA D 354 CB 4.58 C4 ARG D 369 O 4.83 
ALA D 354 CB 4.23 C3 ARG D 369 O 3.62 
ALA D 354 CB 4.4 C2 ARG D 369 O 4.02 
ALA D 354 CB 4.85 C1 ARG D 369 O 3.23 
ALA D 354 O 4.83 C3 ARG D 369 C 4.36 
ALA D 354 C 3.87 C1 ARG D 369 C 4.42 
ALA D 354 C 4.47 C43 LEU D 286 CD2 3.92 
ALA D 354 C 4.6 C40 LEU D 286 CD2 4.34 
ALA D 354 C 4.02 C39 LEU D 286 CD2 4.3 
ALA D 354 C 4.89 C38 LEU D 286 CD2 4.85 
ALA D 354 C 4.59 C16 LEU D 286 CD2 4.39 
ALA D 354 C 4.26 C15 LEU D 286 CD2 4.19 
ALA D 354 CA 4.97 C40 LEU D 286 CD1 4.87 
ALA D 354 CA 4.75 C43 LEU D 286 CG 4.34 
ALA D 354 CA 3.78 C40 LEU D 286 CG 4.68 
ALA D 354 CA 4.01 C39 LEU D 286 CG 4.91 
ALA D 354 CA 4.28 O14 LEU D 286 CG 4.96 
ALA D 354 CA 4.25 C43 LEU D 286 CB 3.48 
ALA D 354 CA 3.91 C41 LEU D 286 CB 4.96 
ALA D 354 CA 3.79 C40 LEU D 286 CB 4.2 
ALA D 354 CA 4.24 C39 LEU D 286 CB 4.34 
ALA D 354 CA 4.36 C38 LEU D 286 CB 4.34 
ALA D 354 CA 4.36 O14 LEU D 286 CB 3.59 
ALA D 354 N 4.89 C37 LEU D 286 CB 4.36 
ALA D 354 N 4.48 C36 LEU D 286 CB 4.95 
ALA D 354 N 4.29 C35 LEU D 286 CB 4.49 
ALA D 354 N 4.51 C35 LEU D 286 O 4.75 
ALA D 354 N 4.8 C43 LEU D 286 CA 4.6 
ALA D 354 N 4.85 O14 LEU D 286 CA 3.84 
ALA D 354 N 4.81 C37 LEU D 286 CA 4.9 
THR D 353 CB 3.68 C35 LEU D 286 CA 4.86 
THR D 353 CB 4.77 C43 LEU D 286 N 4.39 
THR D 353 CB 4.78 C38 LEU D 286 N 4.96 
THR D 353 OG1 4.75 C37 LEU D 286 N 4.13 
THR D 353 CG2 4.14 C36 LEU D 286 N 4.25 
THR D 353 CG2 4.36 C35 LEU D 286 N 4.15 
THR D 353 O 3.08 C34 LEU D 286 N 4.87 
THR D 353 O 3.3 O14 ALA D 285 CB 4.82 
THR D 353 O 4.29 O13 ALA D 285 CB 4.37 
THR D 353 O 3.51 C36 ALA D 285 CB 4.86 
THR D 353 O 3.08 C35 ALA D 285 CB 4.92 
THR D 353 O 3.47 O12 ALA D 285 CB 3.82 
THR D 353 O 4.14 O14 ALA D 285 C 3.47 
THR D 353 O 4.59 C37 ALA D 285 C 4.67 
THR D 353 O 4.95 O13 ALA D 285 C 4.64 
THR D 353 C 3.85 C36 ALA D 285 C 4.7 
THR D 353 C 4.49 C35 ALA D 285 C 4.98 
THR D 353 C 4.23 O14 ALA D 285 CA 3.47 
THR D 353 C 4.66 C37 ALA D 285 CA 4.42 
THR D 353 C 4.05 O13 ALA D 285 CA 3.66 
THR D 353 C 3.99 C36 ALA D 285 CA 4.08 
THR D 353 C 4.47 C35 ALA D 285 CA 4.74 
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THR D 353 C 4.9 C34 ALA D 285 CA 4.98 
THR D 353 CA 4.19 O12 ALA D 285 CA 4.07 
THR D 353 CA 4.98 C37 ALA D 285 N 4.96 
THR D 353 N 4.37 C36 ALA D 285 N 4.82 
ASP D 329 OD1 4.3 C38 ARG D 284 O 4.92 
ASP D 329 OD1 4.49 C37 ARG D 284 O 3.49 
MET D 325 CE 4.17 C36 ARG D 284 O 3.91 
MET D 325 CE 3.51 O14 ARG D 284 C 3.65 
MET D 325 CE 3.44 C37 ARG D 284 C 4.56 
MET D 325 CE 3.82 O13 ARG D 284 C 3.98 
MET D 325 CE 4.13 C36 ARG D 284 C 4.71 
MET D 325 CE 4.45 C42 GLN D 281 OE1 3.92 
MET D 325 CE 4.27 C41 GLN D 281 OE1 4.62 
MET D 325 CE 3.58 C40 GLN D 281 OE1 3.83 
MET D 325 CE 4.33 C39 GLN D 281 OE1 3.59 
MET D 325 CE 4.2 C38 GLN D 281 OE1 3.96 
MET D 325 SD 3.48 C37 GLN D 281 OE1 4.76 
MET D 325 SD 3.55 C15 GLN D 281 OE1 4.04 
MET D 325 SD 3.25 C14 GLN D 281 OE1 3.63 
MET D 325 SD 3.98 C13 GLN D 281 OE1 4.24 
MET D 325 SD 4.11 C40 GLN D 281 NE2 3.8 
MET D 325 SD 4.51 C39 GLN D 281 NE2 4.36 
MET D 325 SD 4.39 C15 GLN D 281 NE2 4.87 
MET D 325 SD 4.72 C14 GLN D 281 NE2 3.66 
MET D 325 CG 3.5 C13 GLN D 281 NE2 4.17 
MET D 325 CG 4.22 C10 GLN D 281 NE2 4.98 
MET D 325 CG 4.68 C9 GLN D 281 NE2 3.9 
MET D 325 CB 4.8 C8 GLN D 281 NE2 3.52 
LEU D 248 CD2 4.62 C7 GLN D 281 NE2 4.37 
LEU D 248 CD1 4.82 C6 GLN D 281 NE2 4.85 
LEU D 248 CG 4.45 C42 GLN D 281 CD 4.66 
LEU D 248 CB 3.41 C40 GLN D 281 CD 3.45 
LEU D 248 CB 4.26 C39 GLN D 281 CD 3.71 
LEU D 248 CB 4.5 C38 GLN D 281 CD 4.23 
LEU D 248 CA 4.16 C37 GLN D 281 CD 4.84 
LEU D 248 CA 4.41 C15 GLN D 281 CD 4.43 
LEU D 248 N 3.85 O5 GLN D 281 CD 4.08 
LEU D 248 N 4.5 O4 GLN D 281 CD 3.85 
GLN D 247 NE2 4.3 C14 GLN D 281 CD 3.86 
GLN D 247 NE2 4.06 O3 GLN D 281 CD 3.99 
GLN D 247 CD 4.47 C13 GLN D 281 CD 4.59 
GLN D 247 CD 4.71 C8 GLN D 281 CD 4.7 
GLN D 247 CD 4.57 C42 GLN D 281 CG 4.69 
GLN D 247 CG 3.82 C40 GLN D 281 CG 3.44 
GLN D 247 CG 4.5 C39 GLN D 281 CG 3.92 
GLN D 247 CG 4.46 C38 GLN D 281 CG 4.12 
GLN D 247 CG 4.59 O14 GLN D 281 CG 4.44 
GLN D 247 CG 4.79 C37 GLN D 281 CG 4.21 
GLN D 247 CG 4.15 O4 GLN D 281 CG 4.81 
GLN D 247 CG 4.05 C42 GLN D 281 CB 4.2 
GLN D 247 CG 4.76 C40 GLN D 281 CB 4.45 
GLN D 247 CG 3.96 C39 GLN D 281 CB 4.53 
GLN D 247 CB 4.26 C38 GLN D 281 CB 4.27 
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GLN D 247 CB 3.25 O14 GLN D 281 CB 4.5 
GLN D 247 CB 3.85 C37 GLN D 281 CB 4.01 
GLN D 247 CB 4.86 C42 GLN D 281 O 4.34 
GLN D 247 CB 4.89 C38 GLN D 281 O 4.71 
GLN D 247 CB 4.19 C37 GLN D 281 O 3.48 
GLN D 247 C 4.66 C36 GLN D 281 O 3.57 
GLN D 247 C 3.89 C42 GLN D 281 C 4.87 
GLN D 247 C 4.96 O14 GLN D 281 C 4.67 
GLN D 247 CA 4.99 C37 GLN D 281 C 4.28 
GLN D 247 CA 3.45 O13 GLN D 281 C 4.05 
GLN D 247 CA 4.85 C36 GLN D 281 C 4.66 
GLN D 247 CA 4.59 O14 GLN D 281 CA 4.51 
GLN D 247 N 3.9 C37 GLN D 281 CA 4.33 
GLY D 246 C 3.86 O13 GLN D 281 CA 4.84 
GLY D 246 C 4.79 C5 ARG D 278 NH2 3.95 
GLY D 246 CA 3.99 O2 ARG D 278 CZ 3.83 
GLY D 246 CA 4.62 C5 ARG D 278 CZ 4.92 
GLY D 246 CA 4.52 O3 ARG D 278 CG 4.62 
GLY D 246 CA 4.63 C10 THR D 276 O 4.26 
GLY D 246 CA 4.71 C9 THR D 276 O 3.54 
PRO D 245 O 4.66 C8 THR D 276 O 4.26 
PRO D 245 O 4.21 C9 THR D 276 C 4.64 
PRO D 245 C 4.96 C10 THR D 276 N 4.47 
TYR A 224 CZ 4.72 C9 THR D 276 N 4.62 
TYR A 224 CE1 4.5 C11 LEU D 275 CD2 4.58 
TYR A 224 CE1 3.55 C10 LEU D 275 CD2 4.27 
TYR A 224 CE1 4.07 C10 LEU D 275 C 4.95 
TYR A 224 CE1 4.95 C11 LEU D 275 CA 4.89 
TYR A 224 CD1 4.28 C10 LEU D 275 CA 4.27 
TYR A 224 CD1 3.06 C11 LEU D 275 N 4.98 
TYR A 224 CD1 3.5 C10 LEU D 275 N 4.73 
TYR A 224 CD1 4.65 C40 PRO D 274 CB 4.74 
TYR A 224 CG 3.97 C40 PRO D 274 CG 4.59 
TYR A 224 CG 4.54 O4 PRO D 274 CG 4.25 
TYR A 224 CB 4.34 C12 PRO D 274 CG 4.58 
TYR A 224 CB 4.75 C11 PRO D 274 CG 4.55 
TYR A 224 CA 4.6 C12 PRO D 274 O 4.16 
TYR A 224 N 3.61 C11 PRO D 274 O 3.15 
THR A 223 OG1 4.9 C10 PRO D 274 O 3.45 
THR A 223 CG2 4.23 C9 PRO D 274 O 4.62 
THR A 223 CG2 3.8 C11 PRO D 274 C 4.23 
THR A 223 CG2 4.34 C10 PRO D 274 C 4.34 
THR A 223 CG2 4.94 C11 PHE D 272 CE2 4.43 
THR A 223 CG2 4.45 C4 HIS D 229 NE2 3.46 
THR A 223 CB 3.74 C2 HIS D 229 NE2 4.1 
THR A 223 CB 3.78 C1 HIS D 229 NE2 3.69 
THR A 223 CB 4.47 O1 HIS D 229 CE1 4.6 
THR A 223 CB 4.98 C4 HIS D 229 CE1 4.29 
THR A 223 CB 4.65 C2 HIS D 229 CE1 4.53 
THR A 223 C 4.69 C1 HIS D 229 CE1 3.91 
THR A 223 C 4.27 C4 HIS D 229 CD2 4.51 
THR A 223 CA 3.86 C10 LEU D 217 CD2 4.1 
THR A 223 CA 3.89 C9 LEU D 217 CD2 3.95 



 

 166 

THR A 223 CA 4.94 C10 LEU D 217 CD1 4.97 
PRO A 222 O 4.98    
ARG A 221 NH2 4.1    
ARG A 221 NH2 3.35    
ARG A 221 NH2 4.57    
ARG A 221 NH2 3.55    
ARG A 221 NH2 3.42    
ARG A 221 NH2 4.4    
ARG A 221 NH1 3.15    
ARG A 221 NH1 4.97    
ARG A 221 NH1 4.75    
ARG A 221 NH1 4.67    
ARG A 221 NH1 4.85    
ARG A 221 CZ 3.5    
ARG A 221 CZ 4.66    
ARG A 221 CZ 4.29    
ARG A 221 CZ 4.25    
ARG A 221 CZ 4.37    
ARG A 221 CZ 4.45    
ARG A 221 CZ 4.85    
ARG A 221 NE 3.94    
ARG A 221 NE 4.91    
ARG A 221 CD 4.16    
THR A 179 CG2 4.25    
THR A 179 CG2 4.78    
SER A 178 O 4.58    
GLN A 176 O 4.8    

 

Table 4.5: Br-Bn_Nos_DOX: Geometry of hydrogen bonds and hydrophobic 
interaction of Br-Bn_Nos_DOX with the binding site residues of tubulin. 

(a) Br-Bn_Nos_Tubulin (b) DOX_Tubulin 
Hydrogen bonding Hydrogen bonding 

Hydrogen 
Donor (D) 

Hydrogen 
Acceptor 

(A) 

Distance 
(D-A) in 

Å 

Hydrogen 
Donor (D) 

Hydrogen 
Acceptor 

(A) 

Distance 
(D-A) in 

Å 
   O12 UNK 900 O13 2.6 
   O3 UNK 900 O2 2.71 
   N1 GLY D 370 O 3.69 
   N1 ARG D 369 O 4.96 
   O14 ARG D 284 O 2.66 
   O6 GLN D 281 OE1 4.73 
   O3 GLN D 281 OE1 3.56 
   NE2 UNK 900 O3 3.57 
   O14 GLN D 281 O 3.89 
   NH2 UNK 900 O3 4.85 
   NH2 UNK 900 O2 3.05 
   NE UNK 900 O3 4.34 
   NE UNK 900 O2 3.93 
Hydrophobic interaction Hydrophobic interaction 

BrBn_Nos_Tubulin Tubulin Distance DOX Tubulin Distance 
C65 ASP D 357 OD1 4.67 C25 LYS D 372 NZ 4.11 
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C59 ASP D 357 OD1 4.99 C24 LYS D 372 NZ 4.53 
C65 ASP D 357 CG 4.84 C20 LYS D 372 NZ 4.83 
C65 ASP D 357 CB 4.82 C25 LYS D 372 CE 3.76 
C65 ASP D 357 CA 4.88 C24 LYS D 372 CE 4.58 
C65 ASP D 357 N 3.73 C20 LYS D 372 CE 4.11 
C58 ASP D 357 N 4.86 O8 LYS D 372 CE 3.44 
C65 CYS D 356 SG 3.44 C19 LYS D 372 CE 4.05 
C64 CYS D 356 SG 4.57 O8 LYS D 372 CD 4.17 
O19 CYS D 356 SG 3.57 C19 LYS D 372 CD 4.95 
C58 CYS D 356 SG 4.89 O8 LYS D 372 CG 3.77 
C65 CYS D 356 CB 3.97 C19 LYS D 372 CG 4.56 
C64 CYS D 356 CB 4.09 C16 LYS D 372 CG 4.99 
O21 CYS D 356 CB 4.57 C40 LEU D 371 CD2 4.97 
O19 CYS D 356 CB 3.5 C16 LEU D 371 CD2 4.93 
C58 CYS D 356 CB 4.51 C15 LEU D 371 CD2 4.16 
C57 CYS D 356 CB 4.93 O5 LEU D 371 CD2 4.11 
C65 CYS D 356 C 4.19 O4 LEU D 371 CD2 3.16 
O19 CYS D 356 C 4.15 C14 LEU D 371 CD2 3.58 
C58 CYS D 356 C 4.84 C13 LEU D 371 CD2 4.16 
C65 CYS D 356 CA 3.57 C12 LEU D 371 CD2 3.98 
C64 CYS D 356 CA 4.35 C7 LEU D 371 CD2 4.23 
O21 CYS D 356 CA 4.38 C6 LEU D 371 CD2 3.79 
O19 CYS D 356 CA 3.08 N1 LEU D 371 CD2 4.8 
C59 CYS D 356 CA 4.77 C12 LEU D 371 CD1 4.09 
C58 CYS D 356 CA 3.79 C11 LEU D 371 CD1 4.82 
C57 CYS D 356 CA 4.35 C6 LEU D 371 CD1 4.95 
C65 CYS D 356 N 4.7 O4 LEU D 371 CG 4.5 
C64 CYS D 356 N 4.55 C14 LEU D 371 CG 4.78 
C58 CYS D 356 N 4.18 C13 LEU D 371 CG 4.96 
C57 CYS D 356 N 4.33 C12 LEU D 371 CG 4.24 
C71 VAL D 355 CG2 4.26 C7 LEU D 371 CG 4.74 
C70 VAL D 355 CG2 4.73 C6 LEU D 371 CG 4.25 
C71 VAL D 355 CB 4.78 N1 LEU D 371 CG 4.85 
C65 VAL D 355 O 4.39 C14 GLY D 370 O 4.34 
C64 VAL D 355 O 4.26 C13 GLY D 370 O 3.82 
C62 VAL D 355 O 4.89 C6 GLY D 370 O 3.74 
C60 VAL D 355 O 3.91 C5 GLY D 370 O 4.76 
C59 VAL D 355 O 3.63 C3 GLY D 370 O 4.24 
C58 VAL D 355 O 2.88 C1 GLY D 370 O 4.84 
C57 VAL D 355 O 2.86 C6 GLY D 370 C 4.79 
C56 VAL D 355 O 3.28 N1 GLY D 370 C 4.58 
C55 VAL D 355 O 3.73 C3 GLY D 370 C 4.47 
C54 VAL D 355 O 4.28 C3 GLY D 370 CA 3.81 
C53 VAL D 355 O 4.82 C2 GLY D 370 CA 4.95 
C65 VAL D 355 C 5 C1 GLY D 370 CA 4.85 
C64 VAL D 355 C 4.58 C3 GLY D 370 N 4.45 
O21 VAL D 355 C 3.86 C4 ARG D 369 O 4.83 
O19 VAL D 355 C 4.01 C3 ARG D 369 O 3.62 
C59 VAL D 355 C 4.75 C2 ARG D 369 O 4.02 
C58 VAL D 355 C 3.85 C1 ARG D 369 O 3.23 
C57 VAL D 355 C 3.76 C3 ARG D 369 C 4.36 
C56 VAL D 355 C 4.33 C1 ARG D 369 C 4.42 
C55 VAL D 355 C 4.91 C43 LEU D 286 CD2 3.92 
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O21 VAL D 355 CA 4.82 C40 LEU D 286 CD2 4.34 
C57 VAL D 355 CA 4.85 C39 LEU D 286 CD2 4.3 
C71 VAL D 355 N 4.29 C38 LEU D 286 CD2 4.85 
C66 VAL D 355 N 4.55 C16 LEU D 286 CD2 4.39 
C62 VAL D 355 N 4.29 C15 LEU D 286 CD2 4.19 
C57 VAL D 355 N 4.57 C40 LEU D 286 CD1 4.87 
C56 VAL D 355 N 4.58 C43 LEU D 286 CG 4.34 
C54 VAL D 355 N 4.7 C40 LEU D 286 CG 4.68 
O21 ALA D 354 CB 4.19 C39 LEU D 286 CG 4.91 
O18 ALA D 354 CB 3.49 O14 LEU D 286 CG 4.96 
C56 ALA D 354 CB 4.94 C43 LEU D 286 CB 3.48 
C54 ALA D 354 CB 4.3 C41 LEU D 286 CB 4.96 
C71 ALA D 354 C 4.43 C40 LEU D 286 CB 4.2 
C70 ALA D 354 C 4.95 C39 LEU D 286 CB 4.34 
C66 ALA D 354 C 4.76 C38 LEU D 286 CB 4.34 
C62 ALA D 354 C 4.86 O14 LEU D 286 CB 3.59 
O18 ALA D 354 C 4.98 C37 LEU D 286 CB 4.36 
C71 ALA D 354 CA 4.18 C36 LEU D 286 CB 4.95 
C70 ALA D 354 CA 4.63 C35 LEU D 286 CB 4.49 
C68 ALA D 354 CA 5 C35 LEU D 286 O 4.75 
C67 ALA D 354 CA 4.6 C43 LEU D 286 CA 4.6 
C66 ALA D 354 CA 4.18 O14 LEU D 286 CA 3.84 
C62 ALA D 354 CA 4.45 C37 LEU D 286 CA 4.9 
O18 ALA D 354 CA 4.21 C35 LEU D 286 CA 4.86 
C54 ALA D 354 CA 4.72 C43 LEU D 286 N 4.39 
C71 ALA D 354 N 4.51 C38 LEU D 286 N 4.96 
C70 ALA D 354 N 4.51 C37 LEU D 286 N 4.13 
C69 ALA D 354 N 4.66 C36 LEU D 286 N 4.25 
C68 ALA D 354 N 4.79 C35 LEU D 286 N 4.15 
C67 ALA D 354 N 4.82 C34 LEU D 286 N 4.87 
C66 ALA D 354 N 4.7 O14 ALA D 285 CB 4.82 
C71 THR D 353 CB 5 O13 ALA D 285 CB 4.37 
C70 THR D 353 CB 4.02 C36 ALA D 285 CB 4.86 
C69 THR D 353 CB 3.6 C35 ALA D 285 CB 4.92 
C68 THR D 353 CB 4.3 O12 ALA D 285 CB 3.82 
C69 THR D 353 OG1 4.75 O14 ALA D 285 C 3.47 
C71 THR D 353 CG2 4.39 C37 ALA D 285 C 4.67 
C70 THR D 353 CG2 3.44 O13 ALA D 285 C 4.64 
C69 THR D 353 CG2 3.57 C36 ALA D 285 C 4.7 
C68 THR D 353 CG2 4.57 C35 ALA D 285 C 4.98 
C71 THR D 353 O 3.99 O14 ALA D 285 CA 3.47 
C70 THR D 353 O 3.83 C37 ALA D 285 CA 4.42 
C69 THR D 353 O 3.35 O13 ALA D 285 CA 3.66 
C68 THR D 353 O 3 C36 ALA D 285 CA 4.08 
C67 THR D 353 O 3.24 C35 ALA D 285 CA 4.74 
C66 THR D 353 O 3.76 C34 ALA D 285 CA 4.98 
C62 THR D 353 O 4.75 O12 ALA D 285 CA 4.07 
C71 THR D 353 C 4.4 C37 ALA D 285 N 4.96 
C70 THR D 353 C 4.13 C36 ALA D 285 N 4.82 
C69 THR D 353 C 3.89 C38 ARG D 284 O 4.92 
C68 THR D 353 C 3.92 C37 ARG D 284 O 3.49 
C67 THR D 353 C 4.24 C36 ARG D 284 O 3.91 
C66 THR D 353 C 4.49 O14 ARG D 284 C 3.65 
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C70 THR D 353 CA 4.74 C37 ARG D 284 C 4.56 
C69 THR D 353 CA 4.32 O13 ARG D 284 C 3.98 
C68 THR D 353 CA 4.61 C36 ARG D 284 C 4.71 
C69 THR D 353 N 4.88 C42 GLN D 281 OE1 3.92 
C68 THR D 353 N 4.89 C41 GLN D 281 OE1 4.62 
C70 ASP D 329 OD2 4.45 C40 GLN D 281 OE1 3.83 
C69 ASP D 329 OD2 4.48 C39 GLN D 281 OE1 3.59 
C71 ASP D 329 OD1 4.28 C38 GLN D 281 OE1 3.96 
C70 ASP D 329 OD1 3.08 C37 GLN D 281 OE1 4.76 
C69 ASP D 329 OD1 3.37 C15 GLN D 281 OE1 4.04 
C68 ASP D 329 OD1 4.67 C14 GLN D 281 OE1 3.63 
C70 ASP D 329 CG 4.13 C13 GLN D 281 OE1 4.24 
C69 ASP D 329 CG 4.27 C40 GLN D 281 NE2 3.8 
C70 VAL D 328 CG1 4.75 C39 GLN D 281 NE2 4.36 
C71 MET D 325 CE 4.66 C15 GLN D 281 NE2 4.87 
C62 MET D 325 CE 4.69 C14 GLN D 281 NE2 3.66 
C61 MET D 325 CE 4.72 C13 GLN D 281 NE2 4.17 
N2 MET D 325 SD 4.98 C10 GLN D 281 NE2 4.98 
C71 MET D 325 SD 3.39 C9 GLN D 281 NE2 3.9 
C70 MET D 325 SD 4.06 C8 GLN D 281 NE2 3.52 
C66 MET D 325 SD 4.27 C7 GLN D 281 NE2 4.37 
C62 MET D 325 SD 4.35 C6 GLN D 281 NE2 4.85 
C61 MET D 325 SD 4.57 C42 GLN D 281 CD 4.66 
C71 MET D 325 CG 4.48 C40 GLN D 281 CD 3.45 
C70 MET D 325 CG 4.81 C39 GLN D 281 CD 3.71 
O18 LEU D 248 CB 4.06 C38 GLN D 281 CD 4.23 
O18 LEU D 248 C 4.74 C37 GLN D 281 CD 4.84 
O18 LEU D 248 CA 4.29 C15 GLN D 281 CD 4.43 
C54 LEU D 248 N 4.21 O5 GLN D 281 CD 4.08 
C50 GLN D 247 NE2 4.6 O4 GLN D 281 CD 3.85 
C49 GLN D 247 NE2 4.93 C14 GLN D 281 CD 3.86 
C48 GLN D 247 NE2 4.73 O3 GLN D 281 CD 3.99 
C47 GLN D 247 NE2 4.33 C13 GLN D 281 CD 4.59 
C46 GLN D 247 NE2 3.98 C8 GLN D 281 CD 4.7 
C45 GLN D 247 NE2 4.84 C42 GLN D 281 CG 4.69 
C44 GLN D 247 NE2 4.16 C40 GLN D 281 CG 3.44 
O17 GLN D 247 CD 4.87 C39 GLN D 281 CG 3.92 
C53 GLN D 247 CD 4.93 C38 GLN D 281 CG 4.12 
C50 GLN D 247 CD 4.83 O14 GLN D 281 CG 4.44 
C46 GLN D 247 CD 4.84 C37 GLN D 281 CG 4.21 
C44 GLN D 247 CD 4.77 O4 GLN D 281 CG 4.81 
N2 GLN D 247 CG 4.58 C42 GLN D 281 CB 4.2 
O20 GLN D 247 CG 4.78 C40 GLN D 281 CB 4.45 
C55 GLN D 247 CG 4.9 C39 GLN D 281 CB 4.53 
C54 GLN D 247 CG 4.5 C38 GLN D 281 CB 4.27 
O17 GLN D 247 CG 3.47 O14 GLN D 281 CB 4.5 
C53 GLN D 247 CG 3.71 C37 GLN D 281 CB 4.01 
C52 GLN D 247 CG 4.87 C42 GLN D 281 O 4.34 
C51 GLN D 247 CG 4.22 C38 GLN D 281 O 4.71 
C50 GLN D 247 CG 3.94 C37 GLN D 281 O 3.48 
C49 GLN D 247 CG 4.26 C36 GLN D 281 O 3.57 
C47 GLN D 247 CG 4.95 C42 GLN D 281 C 4.87 
C46 GLN D 247 CG 4.7 O14 GLN D 281 C 4.67 
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C45 GLN D 247 CG 4.78 C37 GLN D 281 C 4.28 
C44 GLN D 247 CG 4.26 O13 GLN D 281 C 4.05 
N2 GLN D 247 CB 4.93 C36 GLN D 281 C 4.66 
O18 GLN D 247 CB 4.36 O14 GLN D 281 CA 4.51 
C54 GLN D 247 CB 4.21 C37 GLN D 281 CA 4.33 
O17 GLN D 247 CB 3.44 O13 GLN D 281 CA 4.84 
C53 GLN D 247 CB 4.23 C5 ARG D 278 NH2 3.95 
C51 GLN D 247 CB 4.92 O2 ARG D 278 CZ 3.83 
O18 GLN D 247 C 4.26 C5 ARG D 278 CZ 4.92 
C54 GLN D 247 C 4.74 O3 ARG D 278 CG 4.62 
O17 GLN D 247 C 4.67 C10 THR D 276 O 4.26 
O18 GLN D 247 CA 4.07 C9 THR D 276 O 3.54 
C54 GLN D 247 CA 4.16 C8 THR D 276 O 4.26 
O17 GLN D 247 CA 3.83 C9 THR D 276 C 4.64 
C53 GLN D 247 CA 4.74 C10 THR D 276 N 4.47 
C57 GLN D 247 N 4.75 C9 THR D 276 N 4.62 
C56 GLN D 247 N 3.95 C11 LEU D 275 CD2 4.58 
C55 GLN D 247 N 4.3 C10 LEU D 275 CD2 4.27 
C54 GLN D 247 N 3.1 C10 LEU D 275 C 4.95 
C53 GLN D 247 N 3.93 C11 LEU D 275 CA 4.89 
C54 GLY D 246 O 4.95 C10 LEU D 275 CA 4.27 
O21 GLY D 246 C 4.86 C11 LEU D 275 N 4.98 
O18 GLY D 246 C 3.81 C10 LEU D 275 N 4.73 
C57 GLY D 246 C 4.63 C40 PRO D 274 CB 4.74 
C56 GLY D 246 C 4.14 C40 PRO D 274 CG 4.59 
C55 GLY D 246 C 4.49 O4 PRO D 274 CG 4.25 
C54 GLY D 246 C 3.72 C12 PRO D 274 CG 4.58 
O17 GLY D 246 C 3.92 C11 PRO D 274 CG 4.55 
C53 GLY D 246 C 4.5 C12 PRO D 274 O 4.16 
C64 GLY D 246 CA 4.09 C11 PRO D 274 O 3.15 
O21 GLY D 246 CA 3.7 C10 PRO D 274 O 3.45 
O19 GLY D 246 CA 4.78 C9 PRO D 274 O 4.62 
O18 GLY D 246 CA 3.58 C11 PRO D 274 C 4.23 
C60 GLY D 246 CA 4.13 C10 PRO D 274 C 4.34 
C59 GLY D 246 CA 4.16 C11 PHE D 272 CE2 4.43 
C58 GLY D 246 CA 4.01 C4 HIS D 229 NE2 3.46 
C57 GLY D 246 CA 3.38 C2 HIS D 229 NE2 4.1 
C56 GLY D 246 CA 3.22 C1 HIS D 229 NE2 3.69 
C55 GLY D 246 CA 3.68 O1 HIS D 229 CE1 4.6 
C54 GLY D 246 CA 3.33 C4 HIS D 229 CE1 4.29 
O17 GLY D 246 CA 3.85 C2 HIS D 229 CE1 4.53 
C53 GLY D 246 CA 4.2 C1 HIS D 229 CE1 3.91 
C64 GLY D 246 N 4.5 C4 HIS D 229 CD2 4.51 
C60 GLY D 246 N 4.57 C10 LEU D 217 CD2 4.1 
C59 GLY D 246 N 4.31 C9 LEU D 217 CD2 3.95 
C58 GLY D 246 N 4.31 C10 LEU D 217 CD1 4.97 
C57 GLY D 246 N 4.12    
C56 GLY D 246 N 4.27    
C55 GLY D 246 N 4.55    
C54 GLY D 246 N 4.68    
C65 PRO D 245 CB 4.87    
C59 PRO D 245 CB 4.7    
C65 PRO D 245 CD 4.78    
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C65 PRO D 245 O 3.03    
C64 PRO D 245 O 3.32    
C60 PRO D 245 O 3.81    
C59 PRO D 245 O 2.89    
C58 PRO D 245 O 2.65    
C57 PRO D 245 O 3.07    
C56 PRO D 245 O 3.85    
C55 PRO D 245 O 4.2    
C54 PRO D 245 O 4.85    
C65 PRO D 245 C 4.17    
C64 PRO D 245 C 4.17    
O21 PRO D 245 C 4.4    
O19 PRO D 245 C 3.96    
C60 PRO D 245 C 4.41    
C59 PRO D 245 C 3.77    
C58 PRO D 245 C 3.76    
C57 PRO D 245 C 3.97    
C56 PRO D 245 C 4.47    
C55 PRO D 245 C 4.73    
C65 PRO D 245 CA 4.76    
O19 PRO D 245 CA 4.94    
C59 PRO D 245 CA 4.84    
C58 PRO D 245 CA 4.99    
C65 PRO D 245 N 4.48    
C65 PHE D 244 CB 4.08    
O19 PHE D 244 CB 4.64    
C64 PHE D 244 O 4.45    
C65 PHE D 244 C 4.74    
C64 PHE D 244 C 4.99    
O19 PHE D 244 C 4.97    
C64 CYS D 241 SG 3.89    
O21 CYS D 241 SG 4.32    
O18 CYS D 241 SG 4.95    
C64 CYS D 241 CB 4.54    
C64 CYS D 241 CA 3.93    
O21 CYS D 241 CA 4.97    
C64 CYS D 241 N 4.14    
C64 THR D 240 CB 4.94    
C64 THR D 240 OG1 4.63    
C64 THR D 240 O 3.83    
C64 THR D 240 C 4.14    
C48 THR A 225 OG1 4.4    
C52 TYR A 224 CE1 4.24    
C49 TYR A 224 CE1 4.21    
C47 TYR A 224 CE1 4.58    
C45 TYR A 224 CE1 3.86    
C52 TYR A 224 CD1 4.46    
C49 TYR A 224 CD1 4.08    
O15 TYR A 224 CD1 3.87    
C47 TYR A 224 CD1 3.73    
C46 TYR A 224 CD1 4.82    
C45 TYR A 224 CD1 3.28    
O15 TYR A 224 CG 4.32    
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C47 TYR A 224 CG 4.54    
C45 TYR A 224 CG 4.18    
C48 TYR A 224 CB 4.87    
O15 TYR A 224 CB 3.78    
C47 TYR A 224 CB 4.43    
C45 TYR A 224 CB 4.43    
O15 TYR A 224 C 4.72    
O15 TYR A 224 CA 4.17    
C47 TYR A 224 CA 4.86    
C45 TYR A 224 CA 4.71    
C49 TYR A 224 N 4.97    
C48 TYR A 224 N 4.94    
C47 TYR A 224 N 4.08    
C45 TYR A 224 N 3.73    
C48 THR A 223 OG1 4.97    
C47 THR A 223 OG1 4.7    
C45 THR A 223 OG1 4.77    
C52 THR A 223 CG2 4.94    
C49 THR A 223 CG2 4.69    
O15 THR A 223 CG2 4.81    
C47 THR A 223 CG2 4.6    
C45 THR A 223 CG2 4.25    
C52 THR A 223 CB 4.95    
C49 THR A 223 CB 4.57    
C48 THR A 223 CB 4.86    
O15 THR A 223 CB 3.9    
C47 THR A 223 CB 3.99    
C46 THR A 223 CB 4.92    
C45 THR A 223 CB 3.72    
O15 THR A 223 C 4.52    
C47 THR A 223 C 4.88    
C45 THR A 223 C 4.4    
C52 THR A 223 CA 4.81    
C49 THR A 223 CA 4.83    
O15 THR A 223 CA 4.61    
C47 THR A 223 CA 4.65    
C45 THR A 223 CA 4.01    
C71 ARG A 221 NH2 3.66    
C70 ARG A 221 NH2 3.4    
C69 ARG A 221 NH2 3.05    
C68 ARG A 221 NH2 3.03    
C67 ARG A 221 NH2 3.34    
C66 ARG A 221 NH2 3.66    
C62 ARG A 221 NH2 4.75    
C61 ARG A 221 NH2 3.87    
C52 ARG A 221 NH2 4.33    
C67 ARG A 221 NH1 4.84    
C66 ARG A 221 NH1 4.86    
C61 ARG A 221 NH1 3.42    
C52 ARG A 221 NH1 3.31    
C49 ARG A 221 NH1 4.65    
C71 ARG A 221 CZ 4.33    
C70 ARG A 221 CZ 4.24    
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C69 ARG A 221 CZ 4.21    
C68 ARG A 221 CZ 4.3    
C67 ARG A 221 CZ 4.39    
C66 ARG A 221 CZ 4.41    
C61 ARG A 221 CZ 3.83    
C52 ARG A 221 CZ 4.16    
C71 ARG A 221 NE 4.73    
C70 ARG A 221 NE 4.46    
C69 ARG A 221 NE 4.66    
C61 ARG A 221 NE 4.78    

 

Table 4.6: PYBA-Nos_DOX: Geometry of hydrogen bonds and hydrophobic 
interaction of PYBA-Nos _DOX with the binding site residues of tubulin. 

(a) PY3BA_Tubulin (b) DOX_Tubulin 
Hydrogen bonding Hydrogen bonding 

Hydrogen 
Donor (D) 

Hydrogen 
Acceptor 

(A) 

Distance 
(D-A) in 

Å 

Hydrogen 
Donor (D) 

Hydrogen 
Acceptor 

(A) 

Distance 
(D-A) in 

Å 
ASP D 329 OD1 4.35 UNK 900 O13 2.6 
UNK 901 O18 2.9 UNK 900 O2 2.71 

   GLY D 370 O 3.69 
   ARG D 369 O 4.96 
   ARG D 284 O 2.66 
   GLN D 281 OE1 4.73 
   GLN D 281 OE1 3.56 
   UNK 900 O3 3.57 
   GLN D 281 O 3.89 
   UNK 900 O3 4.85 
   UNK 900 O2 3.05 
   UNK 900 O3 4.34 
   UNK 900 O2 3.93 

Hydrophobic interaction Hydrophobic interaction 
PYBA Tubulin Distance DOX Tubulin Distance 

CYS D 356 CA 4.73 LYS D 372 NZ 4.11 
CYS D 356 N 4.72 LYS D 372 NZ 4.53 
VAL D 355 O 2.72 LYS D 372 NZ 4.83 
VAL D 355 O 4.6 LYS D 372 CE 3.76 
VAL D 355 O 4.99 LYS D 372 CE 4.58 
VAL D 355 O 4.9 LYS D 372 CE 4.11 
VAL D 355 O 4.16 LYS D 372 CE 3.44 
VAL D 355 O 3.98 LYS D 372 CE 4.05 
VAL D 355 C 3.93 LYS D 372 CD 4.17 
VAL D 355 CA 4.97 LYS D 372 CD 4.95 
VAL D 355 N 4.88 LYS D 372 CG 3.77 
VAL D 355 N 4.77 LYS D 372 CG 4.56 
VAL D 355 N 4.34 LYS D 372 CG 4.99 
VAL D 355 N 4.43 LEU D 371 CD2 4.97 
VAL D 355 N 4.68 LEU D 371 CD2 4.93 
VAL D 355 N 4.86 LEU D 371 CD2 4.16 
ALA D 354 CB 4.94 LEU D 371 CD2 4.11 
ALA D 354 CB 4.06 LEU D 371 CD2 3.16 
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ALA D 354 CB 3.2 LEU D 371 CD2 3.58 
ALA D 354 CB 2.94 LEU D 371 CD2 4.16 
ALA D 354 CB 3.82 LEU D 371 CD2 3.98 
ALA D 354 CB 4.28 LEU D 371 CD2 4.23 
ALA D 354 CB 4.71 LEU D 371 CD2 3.79 
ALA D 354 C 4.93 LEU D 371 CD2 4.8 
ALA D 354 C 4.93 LEU D 371 CD1 4.09 
ALA D 354 C 4.59 LEU D 371 CD1 4.82 
ALA D 354 C 4.65 LEU D 371 CD1 4.95 
ALA D 354 CA 4.73 LEU D 371 CG 4.5 
ALA D 354 CA 4.95 LEU D 371 CG 4.78 
ALA D 354 CA 4.13 LEU D 371 CG 4.96 
ALA D 354 CA 4.28 LEU D 371 CG 4.24 
ALA D 354 CA 4.71 LEU D 371 CG 4.74 
ALA D 354 CA 4.12 LEU D 371 CG 4.25 
ALA D 354 CA 3.49 LEU D 371 CG 4.85 
ALA D 354 CA 3.8 GLY D 370 O 4.34 
ALA D 354 CA 4.5 GLY D 370 O 3.82 
ALA D 354 CA 4.27 GLY D 370 O 3.74 
ALA D 354 N 4.97 GLY D 370 O 4.76 
ALA D 354 N 4.32 GLY D 370 O 4.24 
ALA D 354 N 4.73 GLY D 370 O 4.84 
ALA D 354 N 4.86 GLY D 370 C 4.79 
THR D 353 CB 3.95 GLY D 370 C 4.58 
THR D 353 CB 4.27 GLY D 370 C 4.47 
THR D 353 CB 4.76 GLY D 370 CA 3.81 
THR D 353 CG2 4.14 GLY D 370 CA 4.95 
THR D 353 CG2 4.88 GLY D 370 CA 4.85 
THR D 353 CG2 4.69 GLY D 370 N 4.45 
THR D 353 O 3.29 ARG D 369 O 4.83 
THR D 353 O 3.1 ARG D 369 O 3.62 
THR D 353 O 2.89 ARG D 369 O 4.02 
THR D 353 O 3 ARG D 369 O 3.23 
THR D 353 O 3.29 ARG D 369 C 4.36 
THR D 353 O 4.27 ARG D 369 C 4.42 
THR D 353 O 4.21 LEU D 286 CD2 3.92 
THR D 353 C 3.66 LEU D 286 CD2 4.34 
THR D 353 C 4.49 LEU D 286 CD2 4.3 
THR D 353 C 4.3 LEU D 286 CD2 4.85 
THR D 353 C 3.91 LEU D 286 CD2 4.39 
THR D 353 C 3.83 LEU D 286 CD2 4.19 
THR D 353 C 4.31 LEU D 286 CD1 4.87 
THR D 353 C 4.64 LEU D 286 CG 4.34 
THR D 353 CA 4.33 LEU D 286 CG 4.68 
THR D 353 CA 4.44 LEU D 286 CG 4.91 
THR D 353 CA 4.89 LEU D 286 CG 4.96 
THR D 353 N 4.86 LEU D 286 CB 3.48 
THR D 353 N 4.41 LEU D 286 CB 4.96 
MET D 325 CE 4.39 LEU D 286 CB 4.2 
MET D 325 CE 4.35 LEU D 286 CB 4.34 
MET D 325 CE 3.74 LEU D 286 CB 4.34 
MET D 325 CE 4.64 LEU D 286 CB 3.59 
MET D 325 CE 4.38 LEU D 286 CB 4.36 
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MET D 325 CE 4.91 LEU D 286 CB 4.95 
MET D 325 CE 5 LEU D 286 CB 4.49 
MET D 325 SD 4.98 LEU D 286 O 4.75 
MET D 325 SD 3.94 LEU D 286 CA 4.6 
MET D 325 SD 4.37 LEU D 286 CA 3.84 
MET D 325 SD 4.91 LEU D 286 CA 4.9 
MET D 325 CG 4.42 LEU D 286 CA 4.86 
LEU D 248 CD2 4.54 LEU D 286 N 4.39 
LEU D 248 CG 4.99 LEU D 286 N 4.96 
LEU D 248 CG 4.42 LEU D 286 N 4.13 
LEU D 248 CB 4.43 LEU D 286 N 4.25 
LEU D 248 CB 4.84 LEU D 286 N 4.15 
LEU D 248 CB 4.99 LEU D 286 N 4.87 
LEU D 248 CB 3.75 ALA D 285 CB 4.82 
LEU D 248 CB 3.15 ALA D 285 CB 4.37 
LEU D 248 CB 4.48 ALA D 285 CB 4.86 
LEU D 248 O 3.69 ALA D 285 CB 4.92 
LEU D 248 C 4.32 ALA D 285 CB 3.82 
LEU D 248 C 4.52 ALA D 285 C 3.47 
LEU D 248 CA 4.01 ALA D 285 C 4.67 
LEU D 248 CA 3.76 ALA D 285 C 4.64 
LEU D 248 N 4.76 ALA D 285 C 4.7 
LEU D 248 N 3.35 ALA D 285 C 4.98 
LEU D 248 N 4.18 ALA D 285 CA 3.47 
LEU D 248 N 4.49 ALA D 285 CA 4.42 
GLN D 247 NE2 4.87 ALA D 285 CA 3.66 
GLN D 247 NE2 3.56 ALA D 285 CA 4.08 
GLN D 247 CD 3.84 ALA D 285 CA 4.74 
GLN D 247 CD 4.36 ALA D 285 CA 4.98 
GLN D 247 CD 4.21 ALA D 285 CA 4.07 
GLN D 247 CG 4.85 ALA D 285 N 4.96 
GLN D 247 CG 3.97 ALA D 285 N 4.82 
GLN D 247 CG 4.14 ARG D 284 O 4.92 
GLN D 247 CG 3.56 ARG D 284 O 3.49 
GLN D 247 CG 4.72 ARG D 284 O 3.91 
GLN D 247 CG 4.52 ARG D 284 C 3.65 
GLN D 247 CG 4.72 ARG D 284 C 4.56 
GLN D 247 CG 4.69 ARG D 284 C 3.98 
GLN D 247 CG 4.5 ARG D 284 C 4.71 
GLN D 247 CG 4.79 GLN D 281 OE1 3.92 
GLN D 247 CG 4.42 GLN D 281 OE1 4.62 
GLN D 247 CB 4.63 GLN D 281 OE1 3.83 
GLN D 247 CB 4.81 GLN D 281 OE1 3.59 
GLN D 247 CB 4.97 GLN D 281 OE1 3.96 
GLN D 247 CB 4.92 GLN D 281 OE1 4.76 
GLN D 247 CB 4.61 GLN D 281 OE1 4.04 
GLN D 247 CB 4.69 GLN D 281 OE1 3.63 
GLN D 247 CB 4.39 GLN D 281 OE1 4.24 
GLN D 247 CB 4.2 GLN D 281 NE2 3.8 
GLN D 247 CB 4.28 GLN D 281 NE2 4.36 
GLN D 247 CB 4.53 GLN D 281 NE2 4.87 
GLN D 247 CB 4.67 GLN D 281 NE2 3.66 
GLN D 247 C 4.74 GLN D 281 NE2 4.17 
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GLN D 247 C 4.25 GLN D 281 NE2 4.98 
GLN D 247 C 4.24 GLN D 281 NE2 3.9 
GLN D 247 C 4.93 GLN D 281 NE2 3.52 
GLN D 247 CA 4.29 GLN D 281 NE2 4.37 
GLN D 247 CA 4.25 GLN D 281 NE2 4.85 
GLN D 247 CA 4.36 GLN D 281 CD 4.66 
GLN D 247 CA 4.61 GLN D 281 CD 3.45 
GLN D 247 CA 4.44 GLN D 281 CD 3.71 
GLN D 247 N 3.34 GLN D 281 CD 4.23 
GLN D 247 N 4.08 GLN D 281 CD 4.84 
GLN D 247 N 3.52 GLN D 281 CD 4.43 
GLN D 247 N 4.09 GLN D 281 CD 4.08 
GLY D 246 C 4.42 GLN D 281 CD 3.85 
GLY D 246 C 3.55 GLN D 281 CD 3.86 
GLY D 246 C 3.95 GLN D 281 CD 3.99 
GLY D 246 C 4.79 GLN D 281 CD 4.59 
GLY D 246 C 4.24 GLN D 281 CD 4.7 
GLY D 246 C 4.64 GLN D 281 CG 4.69 
GLY D 246 CA 4.14 GLN D 281 CG 3.44 
GLY D 246 CA 3.61 GLN D 281 CG 3.92 
GLY D 246 CA 2.99 GLN D 281 CG 4.12 
GLY D 246 CA 3.72 GLN D 281 CG 4.44 
GLY D 246 CA 4.83 GLN D 281 CG 4.21 
GLY D 246 CA 3.9 GLN D 281 CG 4.81 
GLY D 246 CA 4.16 GLN D 281 CB 4.2 
GLY D 246 N 4.77 GLN D 281 CB 4.45 
PRO D 245 O 3.76 GLN D 281 CB 4.53 
PRO D 245 C 4.59 GLN D 281 CB 4.27 
PRO D 245 C 4.62 GLN D 281 CB 4.5 
PRO D 245 C 4.83 GLN D 281 CB 4.01 
CYS D 241 SG 4.36 GLN D 281 O 4.34 
THR A 225 OG1 3.77 GLN D 281 O 4.71 
THR A 225 CB 4.54 GLN D 281 O 3.48 
THR A 225 N 4.97 GLN D 281 O 3.57 
TYR A 224 CE1 4.94 GLN D 281 C 4.87 
TYR A 224 CD1 4.28 GLN D 281 C 4.67 
THR A 223 OG1 4.03 GLN D 281 C 4.28 
THR A 223 CG2 4.5 GLN D 281 C 4.05 
THR A 223 CG2 4.79 GLN D 281 C 4.66 
THR A 223 CG2 3.5 GLN D 281 CA 4.51 
THR A 223 CG2 4.69 GLN D 281 CA 4.33 
THR A 223 CB 4.29 GLN D 281 CA 4.84 
THR A 223 CB 4.26 ARG D 278 NH2 3.95 
ARG A 221 NH2 4.64 ARG D 278 CZ 3.83 
ARG A 221 NH2 4.44 ARG D 278 CZ 4.92 
ARG A 221 NH2 3.68 ARG D 278 CG 4.62 
ARG A 221 NH2 3.42 THR D 276 O 4.26 
ARG A 221 NH2 4.16 THR D 276 O 3.54 
ARG A 221 NH2 4.55 THR D 276 O 4.26 
ARG A 221 NH2 3.8 THR D 276 C 4.64 
ARG A 221 NH2 4.97 THR D 276 N 4.47 
ARG A 221 NH1 3.82 THR D 276 N 4.62 
ARG A 221 NH1 3.73 LEU D 275 CD2 4.58 
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ARG A 221 CZ 4.39 LEU D 275 CD2 4.27 
ARG A 221 CZ 5 LEU D 275 C 4.95 
ARG A 221 CZ 4.44 LEU D 275 CA 4.89 
ARG A 221 CZ 4.24 LEU D 275 CA 4.27 
ARG A 221 CZ 3.95 LEU D 275 N 4.98 
ARG A 221 NE 4.91 LEU D 275 N 4.73 
ARG A 221 NE 4.87 PRO D 274 CB 4.74 
THR A 179 CG2 4.77 PRO D 274 CG 4.59 
THR A 179 CG2 4.73 PRO D 274 CG 4.25 
SER A 178 O 4.8 PRO D 274 CG 4.58 
SER A 178 O 3.71 PRO D 274 CG 4.55 
SER A 178 O 4.32 PRO D 274 O 4.16 
SER A 178 C 4.78 PRO D 274 O 3.15 

   PRO D 274 O 3.45 
   PRO D 274 O 4.62 
   PRO D 274 C 4.23 
   PRO D 274 C 4.34 
   PHE D 272 CE2 4.43 
   HIS D 229 NE2 3.46 
   HIS D 229 NE2 4.1 
   HIS D 229 NE2 3.69 
   HIS D 229 CE1 4.6 
   HIS D 229 CE1 4.29 
   HIS D 229 CE1 4.53 
   HIS D 229 CE1 3.91 
   HIS D 229 CD2 4.51 
   LEU D 217 CD2 4.1 
   LEU D 217 CD2 3.95 
   LEU D 217 CD1 4.97 

 

Table 4.7: Br-TMB-Nos_DOX: Geometry of hydrogen bonds and hydrophobic 
interaction of Br-TMB-Nos_DOX with the binding site residues of tubulin. 

(a) Br-TMB_Tubulin (b) DOX_Tubulin 
Hydrogen bonding Hydrogen bonding 

Hydrogen 
Donor (D) 

Hydrogen 
Acceptor (A) 

Distance 
(D-A) in 

Å 

Hydrogen 
Donor (D) 

Hydrogen 
Acceptor (A) 

Distance 
(D-A) in 

Å 
BrTMB  N2 ASP D 357 OD1 2.66 DOX  N1 GLY D 370 O 3.69 

GLN D 247 NE2 BrTMB O19 4.85 UNK 900 N1 ARG D 369 O 4.96 
GLN D 247 N BrTMB O20 2.78 UNK 900 O14 ARG D 284 O 2.66 

   UNK 900 O6 GLN D 281 OE1 4.73 
   UNK 900 O3 GLN D 281 OE1 3.56 
   GLN D 281 NE2 UNK 900 O3 3.57 
   UNK 900 O14 GLN D 281 O 3.89 
   ARG D 278 NH2 UNK 900 O3 4.85 
   ARG D 278 NH2 UNK 900 O2 3.05 
   ARG D 278 NE UNK 900 O3 4.34 
   ARG D 278 NE UNK 900 O2 3.93 

Hydrophobic interaction Hydrophobic interaction 
BrTMB Tubulin Distance DOX Tubulin Distance 

C62 ASP D 357 OD2 4.73 C25 LYS D 372 NZ 4.11 
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C61 ASP D 357 OD2 3.77 C24 LYS D 372 NZ 4.53 
C53 ASP D 357 OD2 4.25 C20 LYS D 372 NZ 4.83 
C51 ASP D 357 OD2 4.69 C25 LYS D 372 CE 3.76 
C62 ASP D 357 OD1 3 C24 LYS D 372 CE 4.58 
C61 ASP D 357 OD1 3.27 C20 LYS D 372 CE 4.11 
C53 ASP D 357 OD1 4.08 O8 LYS D 372 CE 3.44 
C52 ASP D 357 OD1 4.73 C19 LYS D 372 CE 4.05 
C51 ASP D 357 OD1 3.82 O8 LYS D 372 CD 4.17 
N2 ASP D 357 CG 3.55 C19 LYS D 372 CD 4.95 
C62 ASP D 357 CG 4.17 O8 LYS D 372 CG 3.77 
C61 ASP D 357 CG 3.91 C19 LYS D 372 CG 4.56 
C53 ASP D 357 CG 4.4 C16 LYS D 372 CG 4.99 
C51 ASP D 357 CG 4.55 C40 LEU D 371 CD2 4.97 
N2 ASP D 357 CB 4.89 C16 LEU D 371 CD2 4.93 
C60 CYS D 356 CA 4.31 C15 LEU D 371 CD2 4.16 
C59 CYS D 356 CA 4.83 O5 LEU D 371 CD2 4.11 
C60 CYS D 356 N 4.51 O4 LEU D 371 CD2 3.16 
C59 CYS D 356 N 4.8 C14 LEU D 371 CD2 3.58 
C72 VAL D 355 CG2 3.66 C13 LEU D 371 CD2 4.16 
O22 VAL D 355 CG2 4.93 C12 LEU D 371 CD2 3.98 
C72 VAL D 355 CB 4.3 C7 LEU D 371 CD2 4.23 
C71 VAL D 355 O 4.74 C6 LEU D 371 CD2 3.79 
C63 VAL D 355 O 4.73 N1 LEU D 371 CD2 4.8 
C60 VAL D 355 O 2.79 C12 LEU D 371 CD1 4.09 
C59 VAL D 355 O 3.11 C11 LEU D 371 CD1 4.82 
C58 VAL D 355 O 3.62 C6 LEU D 371 CD1 4.95 
C57 VAL D 355 O 3.75 O4 LEU D 371 CG 4.5 
C56 VAL D 355 O 3.45 C14 LEU D 371 CG 4.78 
C55 VAL D 355 O 3.03 C13 LEU D 371 CG 4.96 
C54 VAL D 355 O 4.24 C12 LEU D 371 CG 4.24 
C53 VAL D 355 O 3.81 C7 LEU D 371 CG 4.74 
C60 VAL D 355 C 3.93 C6 LEU D 371 CG 4.25 
C59 VAL D 355 C 4.14 N1 LEU D 371 CG 4.85 
C58 VAL D 355 C 4.63 C14 GLY D 370 O 4.34 
C57 VAL D 355 C 4.84 C13 GLY D 370 O 3.82 
C56 VAL D 355 C 4.63 C6 GLY D 370 O 3.74 
C55 VAL D 355 C 4.26 C5 GLY D 370 O 4.76 
C53 VAL D 355 C 4.92 C3 GLY D 370 O 4.24 
C72 VAL D 355 CA 4.74 C1 GLY D 370 O 4.84 
C72 VAL D 355 N 3.88 C6 GLY D 370 C 4.79 
C71 VAL D 355 N 4.72 N1 GLY D 370 C 4.58 
C64 VAL D 355 N 4.87 C3 GLY D 370 C 4.47 
C63 VAL D 355 N 4.41 C3 GLY D 370 CA 3.81 
C59 VAL D 355 N 4.84 C2 GLY D 370 CA 4.95 
C58 VAL D 355 N 4.63 C1 GLY D 370 CA 4.85 
C57 VAL D 355 N 4.71 C3 GLY D 370 N 4.45 
C71 ALA D 354 CB 3.28 C4 ARG D 369 O 4.83 
C65 ALA D 354 CB 4.97 C3 ARG D 369 O 3.62 
O20 ALA D 354 CB 4.19 C2 ARG D 369 O 4.02 
C58 ALA D 354 CB 4.79 C1 ARG D 369 O 3.23 
C72 ALA D 354 O 4.72 C3 ARG D 369 C 4.36 
C72 ALA D 354 C 3.99 C1 ARG D 369 C 4.42 
C71 ALA D 354 C 4.94 C43 LEU D 286 CD2 3.92 
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C72 ALA D 354 CA 3.91 C40 LEU D 286 CD2 4.34 
C71 ALA D 354 CA 4.26 C39 LEU D 286 CD2 4.3 
O22 ALA D 354 CA 4.73 C38 LEU D 286 CD2 4.85 
C69 ALA D 354 CA 4.43 C16 LEU D 286 CD2 4.39 
C68 ALA D 354 CA 4.81 C15 LEU D 286 CD2 4.19 
C65 ALA D 354 CA 4.7 C40 LEU D 286 CD1 4.87 
C64 ALA D 354 CA 4.36 C43 LEU D 286 CG 4.34 
C63 ALA D 354 CA 4.68 C40 LEU D 286 CG 4.68 
O20 ALA D 354 CA 4.78 C39 LEU D 286 CG 4.91 
C73 ALA D 354 N 4.76 O14 LEU D 286 CG 4.96 
C72 ALA D 354 N 4.22 C43 LEU D 286 CB 3.48 
C69 ALA D 354 N 4.76 C41 LEU D 286 CB 4.96 
C68 ALA D 354 N 4.76 C40 LEU D 286 CB 4.2 
C74 THR D 353 CB 4.92 C39 LEU D 286 CB 4.34 
C73 THR D 353 CB 3.48 C38 LEU D 286 CB 4.34 
C72 THR D 353 CB 4.78 O14 LEU D 286 CB 3.59 
O23 THR D 353 CB 4.09 C37 LEU D 286 CB 4.36 
C68 THR D 353 CB 4.71 C36 LEU D 286 CB 4.95 
C73 THR D 353 OG1 4.57 C35 LEU D 286 CB 4.49 
C73 THR D 353 CG2 3.34 C35 LEU D 286 O 4.75 
C72 THR D 353 CG2 4 C43 LEU D 286 CA 4.6 
O23 THR D 353 CG2 4.38 O14 LEU D 286 CA 3.84 
O22 THR D 353 CG2 4.95 C37 LEU D 286 CA 4.9 
C68 THR D 353 CG2 4.97 C35 LEU D 286 CA 4.86 
C74 THR D 353 O 3.01 C43 LEU D 286 N 4.39 
C73 THR D 353 O 3.6 C38 LEU D 286 N 4.96 
C72 THR D 353 O 4.02 C37 LEU D 286 N 4.13 
C69 THR D 353 O 3.49 C36 LEU D 286 N 4.25 
C68 THR D 353 O 2.95 C35 LEU D 286 N 4.15 
C67 THR D 353 O 3 C34 LEU D 286 N 4.87 
C66 THR D 353 O 3.52 O14 ALA D 285 CB 4.82 
C65 THR D 353 O 3.96 O13 ALA D 285 CB 4.37 
C64 THR D 353 O 3.95 C36 ALA D 285 CB 4.86 
C74 THR D 353 C 4.01 C35 ALA D 285 CB 4.92 
C73 THR D 353 C 4.02 O12 ALA D 285 CB 3.82 
C72 THR D 353 C 4.24 O14 ALA D 285 C 3.47 
O24 THR D 353 C 4.56 C37 ALA D 285 C 4.67 
O23 THR D 353 C 4.16 O13 ALA D 285 C 4.64 
O22 THR D 353 C 4.84 C36 ALA D 285 C 4.7 
C69 THR D 353 C 4.35 C35 ALA D 285 C 4.98 
C68 THR D 353 C 3.98 O14 ALA D 285 CA 3.47 
C67 THR D 353 C 4.21 C37 ALA D 285 CA 4.42 
C66 THR D 353 C 4.72 O13 ALA D 285 CA 3.66 
C64 THR D 353 C 4.85 C36 ALA D 285 CA 4.08 
C74 THR D 353 CA 4.41 C35 ALA D 285 CA 4.74 
C73 THR D 353 CA 4.34 C34 ALA D 285 CA 4.98 
O23 THR D 353 CA 4.62 O12 ALA D 285 CA 4.07 
C68 THR D 353 CA 4.84 C37 ALA D 285 N 4.96 
C74 THR D 353 N 3.68 C36 ALA D 285 N 4.82 
C73 THR D 353 N 4.96 C38 ARG D 284 O 4.92 
C74 LYS D 352 CD 4.35 C37 ARG D 284 O 3.49 
C74 LYS D 352 CG 4.77 C36 ARG D 284 O 3.91 
C74 LYS D 352 CB 4.2 O14 ARG D 284 C 3.65 
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C74 LYS D 352 C 4.54 C37 ARG D 284 C 4.56 
C74 LYS D 352 CA 4.43 O13 ARG D 284 C 3.98 
C73 ASP D 329 OD2 4.18 C36 ARG D 284 C 4.71 
C73 ASP D 329 OD1 2.94 C42 GLN D 281 OE1 3.92 
C72 ASP D 329 OD1 4.18 C41 GLN D 281 OE1 4.62 
C73 ASP D 329 CG 3.89 C40 GLN D 281 OE1 3.83 
O23 ASP D 329 CG 4.88 C39 GLN D 281 OE1 3.59 
C72 VAL D 328 CG1 4.79 C38 GLN D 281 OE1 3.96 
C72 MET D 325 CE 4.58 C37 GLN D 281 OE1 4.76 
O22 MET D 325 CE 4.73 C15 GLN D 281 OE1 4.04 
C63 MET D 325 CE 4.75 C14 GLN D 281 OE1 3.63 
O18 MET D 325 CE 3.58 C13 GLN D 281 OE1 4.24 
C56 MET D 325 CE 4.86 C40 GLN D 281 NE2 3.8 
C54 MET D 325 CE 3.86 C39 GLN D 281 NE2 4.36 
O17 MET D 325 CE 3.9 C15 GLN D 281 NE2 4.87 
C72 MET D 325 SD 3.24 C14 GLN D 281 NE2 3.66 
O22 MET D 325 SD 3.54 C13 GLN D 281 NE2 4.17 
C69 MET D 325 SD 4.82 C10 GLN D 281 NE2 4.98 
C63 MET D 325 SD 4.6 C9 GLN D 281 NE2 3.9 
O18 MET D 325 SD 4.45 C8 GLN D 281 NE2 3.52 
C54 MET D 325 SD 4.95 C7 GLN D 281 NE2 4.37 
C72 MET D 325 CG 4.47 C6 GLN D 281 NE2 4.85 
O22 MET D 325 CG 4.43 C42 GLN D 281 CD 4.66 
C74 LEU D 248 CD2 4.13 C40 GLN D 281 CD 3.45 
C74 LEU D 248 CD1 4.18 C39 GLN D 281 CD 3.71 
C74 LEU D 248 CG 4.37 C38 GLN D 281 CD 4.23 
C74 LEU D 248 CB 4.24 C37 GLN D 281 CD 4.84 
C71 LEU D 248 CB 4.15 C15 GLN D 281 CD 4.43 
O24 LEU D 248 CB 4.99 O5 GLN D 281 CD 4.08 
C67 LEU D 248 CB 4.84 O4 GLN D 281 CD 3.85 
C66 LEU D 248 CB 4.06 C14 GLN D 281 CD 3.86 
C65 LEU D 248 CB 4.53 O3 GLN D 281 CD 3.99 
O20 LEU D 248 CB 4.72 C13 GLN D 281 CD 4.59 
C71 LEU D 248 O 3.78 C8 GLN D 281 CD 4.7 
C71 LEU D 248 C 4.52 C42 GLN D 281 CG 4.69 
C71 LEU D 248 CA 4.35 C40 GLN D 281 CG 3.44 
C66 LEU D 248 CA 4.73 C39 GLN D 281 CG 3.92 
O20 LEU D 248 CA 4.79 C38 GLN D 281 CG 4.12 
C71 LEU D 248 N 3.7 O14 GLN D 281 CG 4.44 
C66 LEU D 248 N 4.25 C37 GLN D 281 CG 4.21 
C65 LEU D 248 N 4.31 O4 GLN D 281 CG 4.81 
C48 GLN D 247 NE2 3.07 C42 GLN D 281 CB 4.2 
C46 GLN D 247 NE2 4.35 C40 GLN D 281 CB 4.45 
O16 GLN D 247 CD 3.86 C39 GLN D 281 CB 4.53 
C48 GLN D 247 CD 4.04 C38 GLN D 281 CB 4.27 
C65 GLN D 247 CG 4.38 O14 GLN D 281 CB 4.5 
O21 GLN D 247 CG 4.06 C37 GLN D 281 CB 4.01 
O20 GLN D 247 CG 4.53 C42 GLN D 281 O 4.34 
O19 GLN D 247 CG 4.9 C38 GLN D 281 O 4.71 
C58 GLN D 247 CG 4.91 C37 GLN D 281 O 3.48 
C57 GLN D 247 CG 4.65 C36 GLN D 281 O 3.57 
O16 GLN D 247 CG 3.76 C42 GLN D 281 C 4.87 
C48 GLN D 247 CG 4.17 O14 GLN D 281 C 4.67 
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C46 GLN D 247 CG 4.93 C37 GLN D 281 C 4.28 
C71 GLN D 247 CB 5 O13 GLN D 281 C 4.05 
C66 GLN D 247 CB 4.17 C36 GLN D 281 C 4.66 
C65 GLN D 247 CB 3.82 O14 GLN D 281 CA 4.51 
C64 GLN D 247 CB 4.98 C37 GLN D 281 CA 4.33 
O21 GLN D 247 CB 4.26 O13 GLN D 281 CA 4.84 
O20 GLN D 247 CB 4.09 C5 ARG D 278 NH2 3.95 
C58 GLN D 247 CB 4.88 O2 ARG D 278 CZ 3.83 
C57 GLN D 247 CB 4.92 C5 ARG D 278 CZ 4.92 
C71 GLN D 247 C 4.54 O3 ARG D 278 CG 4.62 
C66 GLN D 247 C 4.95 C10 THR D 276 O 4.26 
C65 GLN D 247 C 4.94 C9 THR D 276 O 3.54 
O20 GLN D 247 C 4.34 C8 THR D 276 O 4.26 
C71 GLN D 247 CA 4.48 C9 THR D 276 C 4.64 
C65 GLN D 247 CA 4.72 C10 THR D 276 N 4.47 
O21 GLN D 247 CA 4.96 C9 THR D 276 N 4.62 
O20 GLN D 247 CA 3.86 C11 LEU D 275 CD2 4.58 
C58 GLN D 247 CA 4.81 C10 LEU D 275 CD2 4.27 
C71 GLN D 247 N 3.45 C10 LEU D 275 C 4.95 
C65 GLN D 247 N 4.73 C11 LEU D 275 CA 4.89 
C59 GLN D 247 N 4.38 C10 LEU D 275 CA 4.27 
C58 GLN D 247 N 3.61 C11 LEU D 275 N 4.98 
C57 GLN D 247 N 4.3 C10 LEU D 275 N 4.73 
C71 GLY D 246 C 3.9 C40 PRO D 274 CB 4.74 
O20 GLY D 246 C 3.4 C40 PRO D 274 CG 4.59 
O19 GLY D 246 C 4.89 O4 PRO D 274 CG 4.25 
C59 GLY D 246 C 4.29 C12 PRO D 274 CG 4.58 
C58 GLY D 246 C 3.95 C11 PRO D 274 CG 4.55 
C57 GLY D 246 C 4.81 C12 PRO D 274 O 4.16 
C71 GLY D 246 CA 3.49 C11 PRO D 274 O 3.15 
C70 GLY D 246 CA 4.13 C10 PRO D 274 O 3.45 
O20 GLY D 246 CA 3.08 C9 PRO D 274 O 4.62 
O19 GLY D 246 CA 4.25 C11 PRO D 274 C 4.23 
C60 GLY D 246 CA 4.04 C10 PRO D 274 C 4.34 
C59 GLY D 246 CA 3.09 C11 PHE D 272 CE2 4.43 
C58 GLY D 246 CA 3.21 C4 HIS D 229 NE2 3.46 
C57 GLY D 246 CA 4.27 C2 HIS D 229 NE2 4.1 
C56 GLY D 246 CA 4.96 C1 HIS D 229 NE2 3.69 
C55 GLY D 246 CA 4.85 O1 HIS D 229 CE1 4.6 
C71 GLY D 246 N 4.8 C4 HIS D 229 CE1 4.29 
C70 GLY D 246 N 3.96 C2 HIS D 229 CE1 4.53 
C60 GLY D 246 N 4.49 C1 HIS D 229 CE1 3.91 
C59 GLY D 246 N 3.88 C4 HIS D 229 CD2 4.51 
C58 GLY D 246 N 4.37 C10 LEU D 217 CD2 4.1 
C70 PRO D 245 CB 3.7 C9 LEU D 217 CD2 3.95 
O19 PRO D 245 CB 4.95 C10 LEU D 217 CD1 4.97 
C70 PRO D 245 CG 4.96    
C71 PRO D 245 O 4.96    
C70 PRO D 245 O 3.58    
C60 PRO D 245 O 3.16    
C59 PRO D 245 O 3.04    
C58 PRO D 245 O 4.2    
C55 PRO D 245 O 4.34    
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C70 PRO D 245 C 3.72    
O19 PRO D 245 C 4.6    
C60 PRO D 245 C 4.11    
C59 PRO D 245 C 3.83    
C58 PRO D 245 C 4.72    
C70 PRO D 245 CA 4.38    
C71 CYS D 241 SG 4.14    
C62 LEU D 42 CD2 4.51    
C62 LEU D 42 CD1 4.89    
C48 TYR A 224 CD1 4.38    
C47 THR A 223 CG2 4.99    
C45 THR A 223 CG2 4.79    
O15 THR A 223 CB 4.6    
C73 ARG A 221 NH2 3.16    
C72 ARG A 221 NH2 4.2    
C69 ARG A 221 NH2 3.29    
C68 ARG A 221 NH2 3.23    
C67 ARG A 221 NH2 4.24    
C64 ARG A 221 NH2 4.36    
C69 ARG A 221 NH1 4.69    
C73 ARG A 221 CZ 4.26    
C72 ARG A 221 CZ 4.83    
O23 ARG A 221 CZ 4.13    
O22 ARG A 221 CZ 3.7    
C69 ARG A 221 CZ 4.21    
C68 ARG A 221 CZ 4.43    
C73 ARG A 221 NE 4.58    
C74 THR A 179 CG2 4.85    
O24 THR A 179 CG2 4.53    
C67 THR A 179 CG2 4.95    
C66 THR A 179 CG2 4.41    
C74 THR A 179 CA 4.49    
O24 THR A 179 CA 4.78    
C74 THR A 179 N 4.8    
C74 SER A 178 O 3.05    
C67 SER A 178 O 4.2    
C66 SER A 178 O 4.78    
C74 SER A 178 C 4.21    
O24 SER A 178 C 4.06    
O24 VAL A 177 C 4.81    
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ABSTRACT
Docetaxel (DOX) based combination therapy is a novel therapeutic strategy that attracts great interest
in breast cancer treatment but its clinical utility got limited due to side effects. In contrast, noscapine,
an antitussive drug showed antitumor activity against many cancers without any side effects that tar-
gets microtubules and attenuates its dynamic instability. In the quest for an increase in the anticancer
activity of noscapine, we strategically designed a novel derivative, 9-vinyl phenyl noscapine (VPN),
based on our in silico molecular docking and molecular dynamics simulation effort. Molecular docking
of VPN and DOX onto microtubule revealed a docking score of �4.82 kcal/mol and �6.67 kcal/mol
respectively, while the docking score of VPN was changed to �3.23 kcal/mol when it was docked onto
the co-complex of tubulin-DOX. Further, the binding free energy (DGbind,PBSA) of VPN and DOX with
tubulin showed �24.04 and �18.65 kcal/mol respectively, while the binding free energy of DOX was
increased further in combination with VPN (DGbind, PBSA was reduced to �21.41 kcal/mol), denoting
combination effect of both ligands. The IC50 value amounted to 30.17mM and 19.92mM for VPN and
0.621mM and 0.193mM for DOX, respectively for 48 h and 72h. The dose dependent cytotoxicity of
DOX has been reduced considerably with the combination dose regimen of VPN. Further, the combine
effect of both the agents improved the apoptotic cell death 28.5% compared to single agent treat-
ment 5.71% and 10.5% for VPN and DOX, respectively. Both agents bind effectively to tubulin in single
and in combination to interfere with cell cycle progression in G2/M transition. This study provides
novel concept of combination treatment of DOX and VPN to amend efficiency in breast can-
cer treatment.
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Introduction

Microtubule-targeting drugs such as taxol derivatives and
vinca alkaloids have been powerful chemotherapeutic agents
for the treatment of a variety of human cancers. However,
primarily because of the poor solubility of these compounds,
the clinical uses of these compounds have been somewhat
cumbersome and expensive. In addition, these drugs are
plagued with serious toxicity (particularly, peripheral neuro-
pathies, gastrointestinal toxicity, myelosuppression, and
immunosuppression) owing to their non-selective action
(Rowinsky & Donehower, 1991; Kavanagh & Kudelka, 1993;
Rowinsky, 1997; Theiss & Meller, 2000; Topp et al., 2000;
Zhou et al., 2005). Despite all these challenges, taxol was
approved by the FDA in 1996 for the treatment of breast
and ovarian cancers. Nevertheless, the success of taxol in the
management of aggressive breast and ovarian cancers gives
an impetus to identify compounds that target microtubules,
but are less toxic, bind differently to tubulin, more soluble in

aqueous solutions, available orally and significantly effective
either as single agents or can efficiently synergize with cur-
rently-available drugs such as docetaxel (at low doses). In
quest of searching such molecule, noscapine (an opium alkal-
oid, non-narcotic, non-sedative, traditionally used for decades
as an innocuous anti-cough medicine) was discovered (Ye
et al., 1998). This class of compounds set themselves apart
from currently-available anticancer drugs like taxanes and
vincas because they leave the microtubules arrays intact but
merely attenuate microtubule dynamics just enough to acti-
vate mitotic checkpoints (Ye et al., 1998). Besides, unlike cur-
rently available microtubule drugs that either overpolymerize
and bundle microtubules (taxanes) or depolymerize them
(vincas), noscapinoids do not alter the monomer/polymer
ratio of tubulin (Ye et al., 1998; Zhou et al., 2003) and thus
they do not cause any hemo and neuronal toxicity based
upon their unique mechanism of action. In pursuit of increas-
ing its anticancer activity we have strategically designed a
series of derivatives by modification of the scaffold structure.
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We have shown that these derivatives bind to tubulin with a
higher affinity and do not alter the monomer/polymer ratio
of tubulin In addition; these derivatives inhibit cellular prolif-
eration and cause G2/M arrest in various human cancer cells
followed by apoptotic cell death (Naik et al., 2011; Santoshi
et al., 2011; Naik et al., 2012; Manchukonda et al., 2013;
Manchukonda et al., 2014; Santoshi et al., 2015; Mahaddalkar
et al., 2017). Noscapine and its derivatives were predicted to
binds to a- and b- tubulin heterodimer interface near the
colchicine site but not interfere with colchicine binding
through use of computational docking techniques and
molecular dynamic methods (Naik et al., 2011). This finding
was supported by competitive binding experiments that indi-
cated that noscapine was not competitive with colchicine
(Naik et al., 2011). While several synthesized derivatives of
noscapine showed promising in vitro activities against tumor
cell lines, they were unable to achieve a complete elimin-
ation of the disease despite increased dosages.

Over the course of this decade, it is becoming well appre-
ciated that more of a toxic drug at its maximum tolerated
dose (MTD) is not necessarily better; and there is an oppor-
tunity to reduce its dose levels by using combination regi-
mens of drugs that display synergistic interactions (Jordan &
Wilson, 2004). In this context, the potential of combinatorial
anti-microtubule therapy is an untapped source of chemo-
therapeutic wealth as the presence of diverse drug binding
sites on tubulin suggest that rational combination of two or
more drugs of this class might be able to enhance the anti-
cancer efficacy and reduce toxic side effects, thereby,
improving the therapeutic index. Previously it was demon-
strated that the combination of docetaxel and other agents
enhanced the anticancer activities of lung cancer (Hida et al.,
2000; Hida et al., 2002; Nawrocki et al., 2004; Sweeney et al.,
2005; Shaik et al., 2006) as well as breast cancer (Chougule
et al., 2011). In the current study, we embark upon a
approach to rationally designed a novel derivative of nosca-
pine and evaluate its additive effect with the clinically
approved anticancer agent, docetaxel, to enhance the anti-
cancer activity.

Material and methods

Molecular modelling

Protein preparation
The co-crystallized structure of the colchicine-tubulin com-
plex (PDB ID: 1SA0, resolution 3.58 Å) was used as a receptor
protein. The errors in the PDB file were removed as per the
procedure reported earlier (Santoshi & Naik, 2014). Further,
refinement of the structure was achieved by energy mini-
mization using Macromodel (Schrodinger package) and fol-
lowed by molecular dynamic simulation of 100 ns using
GROMACS 5.1.5 with similar parameters set up as reported
earlier (Santoshi & Naik, 2014). A sum of 5000 frames was
produced in the MD trajectories with a time step of 20 ps,
from which the last 2000 frames were used to generate the
average tubulin structure.

Rational design of novel derivative of noscapine
The lead molecule, noscapine is cytotoxic in a variety of dif-
ferent cancer cell lines (NCI 60 cell lines panel), although the
IC50 value remain in the high micro-molar range (Naik et al.,
2011). To enhance its anticancer activity further, efforts have
been focused on rational designing and synthesis of new
generation of noscapine derivatives. Noscapine docks onto
b� tubulin near the interface between its dimerization part-
ner, a� tubulin (Checchi et al., 2003). This is supported by
the earlier finding of 1:1 stoichiometry of tubulin binding (Ye
et al., 1998). A closer look at the binding site revealed side
chains around the putative binding pocket and the presence
of an empty space around position 9 of noscapine. Inspired
by the in silico findings, we have rationally coupled a bulky
4-vinyl phenyl functional group at the C-9 position of the
noscapine scaffold in quest of developing a more potent
derivative of noscapine (Figure 1).

Ligand preparation
The molecular structure of VPN and DOX was constructed
using molecular builder of maestro (Schrodinger package).
The built structures were energy minimized using
Macromodel (Schrodinger package) and OPLS 2005 force
field. For energy minimization, PRCG algorithm was used
with 1000 steps and energy gradient of 0.001. Each ligand
was assigned appropriate bond order using Ligprep. Further,
the geometric optimization of the ligands was performed
based on hybrid density functional theory with Becke’s
three-parameter exchange potential and the Lee-Yang-Parr
correlation functional (B3LYP) (Lee et al., 1988; Becke, 1993)
with basis set 3-21G� (Binkley et al., 1980; Gordon et al.,
1982; Pietro et al., 1982) using Jaguar (Schr€odinger, LLC).

Molecular docking
Both VPN and DOX were docked onto ab-tubulin hetero-
dimer using “Extra Precision” (XP) algorithm of Glide docking
(Schr€odinger package) (Friesner et al., 2004; Halgren et al.,
2004) in two cycles. The binding site of VPN is at the inter-
face between a- and b- tubulin (noscapinoids binding site)
(Naik et al., 2011), whereas the binding site of DOX is biased
towards b-tubulin (taxol binding site) (Snyder et al., 2001). In
the first cycle both DOX and VPN were docked onto their
respective binding sites using Glide XP docking to calculate
their individual binding affinity. In the second cycle, the VPN
was docked onto the co-complex of DOX-tubulin and the
DOX was docked onto the co-complex of VPN-tubulin.
The binding sites were defined using a concentric grid box
at the centroid of the binding site using the Glide grid-recep-
tor generation program. An outer grid box of 12 Å x 12Å x
12Å was defined to confine the mass centre of the docked
ligand. Besides, an enclosing grid box of 12 Å x 12Å x 12Å
was defined which occupied all the atoms of the docked
poses. The scale factor of 0.4 for van der Waals radii was
applied to atoms of protein with absolute partial charges
less than or equal to 0.25. The algorithm generated 10000
poses, out of which only 1000 poses were used for the mini-
mization (conjugate gradients) and the final 30 structures
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having the lowest energy conformations were evaluated for
the favorable Glide docking score. A single best conform-
ation for VPN and DOX was considered based on minimum
docking score for MD simulation.

Molecular dynamics simulations
Co-complex of tubulin with both the ligands, VPN and DOX
(TubþVPNþDOX) was obtained from co-docking of DOX
and VPN on Tubulin dimer (complex_1). GTP, GDP and mag-
nesium ions were retained in the complex. Similarly, co-com-
plex of tubulin-VPN (Complex_2) and Tubulin_DOX
(Complex_3) were obtained by removing atoms of DOX and
VPN from complex_1 respectively. Complex 4 with Tubulin
only, without DOX and VPN, was also obtained. All simula-
tions were performed using Amber 16 simulation suite (Case
et al., 2016). The parameters for all 4 ligands such as DOX,
VPN, GTP and GDP were estimated using Antechamber pro-
gram of Amber 16 suite (Wang et al., 2006). All atomic point
charges were calculated using AM1-BCC charge model
(Jakalian et al., 2002). Topologies and internal coordinates for
all complexes were generated using tleap program in
Amber16. Missing Hydrogens were added and parameters
were assigned to Protein and ligands using FF14SB and
GAFF force-fields respectively (Maier et al., 2015). Each
molecular system was neutralized by adding counter-ions
and was subsequently solvated using TIP3P water model in a
truncated octahedron with the distance of 12 Å between the
atoms of protein and wall of the box (Jorgensen et al., 1983).

Once the topologies and internal co-ordinates for all com-
plexes were obtained, three rounds of minimization were
performed on each complex to relax the system and amend
the bad contacts. Position restraints of 10 kcal/Å2 and 2 kcal/
Å2 were imposed on the protein system for the first and the
second rounds respectively, to relax the water molecules
around protein. No restraints were imposed in the third
round. After removal of bad contacts through minimization,
all four molecular systems were equilibrated at 300 K and
1 atm for 500 ps. The equilibrated systems were then run for
100 ns each with time step of 2 fm. Throughout simulations
the cut-off for non-bonded interaction was 10 Å, electrostat-
ics was calculated using Particle Mesh Ewald (PME) and
bonds were constrained using shake algorithm (Ryckaert

et al., 1977; Darden et al., 1993; Essmann et al., 1995).
Langevin thermostat was used to regulate the temperature
of simulations. Co-ordinates were written every 20 ps to write
5000 frames for each molecular system. CPPTAJ implemented
in Ambertools was used to analyze trajectories for Root
Mean square deviation analyses (PTRAJ and CPPTRAJ, 2013).

Predictive binding affinity
Binding affinity of VPN and DOX was calculated when both
ligands were bound to tubulin (complex 1). Binding affinity
of VPN and DOX was also calculated when they were bound
to tubulin separately in complex_2 and complex_3 respect-
ively (Suri et al., 2015). Free energy of binding (DGbind) was
calculated as the ensemble average of the binding free
energy of a total of 1000 snapshots, extracted every 20 ps
from the last 20 ns of the MD simulation trajectory using
MM-PBSA and MM-GBSA methods (Kollman et al., 2000;
Massova & Kollman, 2000). as explained below:

DGbind ¼ DGcomplex � DGRec þ DGlig
� �

G ¼ Egas þ Gsol � TS:

Egas ¼ Eint þ Eele þ Evdw
Gsol ¼ GPBðGBÞ þ Gsol� np

Gsol�np ¼ cSAS

Where, G is Gibbs free energy, Egas is the gas phase energy
calculated as the sum of internal energy (Eint), energy gener-
ated as a result of the electrostatic interaction (Eele) and the
van der Waals interaction (Evdw). Gsol is the solvation free
energy calculated as the sum of polar (GPB(GB)) and nonpolar
contributions (Gsol-np). Polar interaction contribution (GPB(GB))
was calculated as the summation of electrostatic contribution
(Eele) and polar solvation contribution (GPB(GB)). The nonpolar
solvation contribution (Gsol-np) is approximated as linearly
dependent on the solvent accessible surface area (SAS) and
c is the surface tension constant that was set to 0.0072 kcal
mol�1Å�2 (Massova & Kollman, 2000).

Per residue energy decomposition
The contribution of each amino acid residue of tubulin was
calculated to identify those residues which showed strong
interaction with ligands (Suri et al., 2014). These calculations

Figure 1. The molecular structures of (A) Noscapine (B) rationally designed derivative, 9-(4-vinylphenyl)-Noscapine (VPN) and (C) a clinical tubulin binding anti-
cancer agent, Docetaxel (DOX) used in the study.
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were performed using MM-GBSA method implemented in
Amber 16 over 1000 frames obtained every 20 ps from last
20 ns trajectory.

Chemistry

General
All the reactions were monitored by TLC (Precoated silica
plates and visualizing under UVlight). Reagents and all sol-
vents were analytically pure and were used without further
purification. Air-sensitive reagents were transferred by syr-
inge or double-ended needle. Evaporation of solvents was
performed at reduced pressure by using heidolph rotary
evaporator.1H and 13C NMR spectra of samples in CDCl3were
recorded on AVANCE-300MHz, 400MHz, 500MHz spectrom-
eter. Chemical shift reported are relative to an internal stand-
ard TMS (d¼ 0.0). Spin multiplicities are described as s
(singlet), brs (broad singlet), d (doublet), t (triplet), q (quar-
tet), or m (multiplet). Coupling constants are reported in
hertz (Hz). Mass spectra were recorded in ESI conditions at
70 eV on LC-MSD (Agilent technologies) spectrometers. All
high-resolution spectra were recorded on QSTAR XL hybrid
MS/MS system (Applied Bio systems/MDS sciex, foster city,
USA), equipped with an ESI source (IICT, Hyderabad). Column
chromatography was performed on silica gel (60-120 mesh)
supplied by Acme Chemical Co., India. TLC was performed
on Merck 60 F-254 silica gel plates. Commercially available
anhydrous solvents Dichloromethane, methanol, acetone and
Ethylacetate were used as such without further purification.
Natural a-noscapine was purchased from Sigma-Aldrich.

(S)-3-((R)-9-bromo-4-methoxy-6-methyl-5,6,7,8-tetrahydro-
[1,3]dioxolo[4,5-g] isoquinolin-5-yl)-6,7-dimethoxyisoben-
zofuran-1(3H)-one (9-Br-nos)
To a suspension of natural a- noscapine (4.0 g, 9.7mmol) was
reacted with 48% aqueous HBr solution (15mL) and satu-
rated bromine water (�50mL) following the procedure
developed in our lab. The crude residue was purified over sil-
ica gel column chromatography eluted with 3:7 Ethyl acetate:
Hexane (3:7) to give pure 9-bromonoscapine 2 (4.3 g, 90%)
as white solid. mp 170 �C; [a]D

25=-106.8 (c¼ 1,
Dichloromethane); 1H NMR (300MHz, CDCl3) d 6.96 (d,
J¼ 8.309Hz, 1H) , 6.26 (d, J¼ 8.309Hz, 1H) , 6.023 (s,2H),
5.392 (d, J¼ 4.721Hz, 1H), 4.270 (d, J¼ 4.721, 1H) , 4.077
(s, 3H), 3.999 (s, 3H) , 3.872 (s, 3H) , 2.831-2.746 (m, 1H),
2.670-2.579 (m, 1H) , 2.516(s, 3H), 2.496-2.422 (m, 1H), 2.024-
1.913 (m, 1H). 13C NMR (75MHz, CDCl3) d 167.95, 152.24,
147.67, 146.47, 141.17, 139.90, 134.10, 130.26, 119.57, 118.90,
118.25, 117.45, 101.01, 95.50, 81.23, 62.24, 60.86, 59.37, 56.72,
48.34, 45.13, 25.85. MS (ESI) m/z 492 [MþH]þ; HR-MS (ESI)
Calcd for C22H22NO7Br [MþH]þ:492.0657, found: 492.0636.
The 1H-NMR, 13C-NMR and mass spectra (ESI and HR-MS) of
the intermediate compound, 9-Br-noscapine are included as
supporting material (S1 to S5).

(S) � 6,7-Dimethoxy-3- (R) � 4 - methoxy-6-methyl � 9 -
(4-vinylphenyl) � 5,6,7,8 - tetrahydro-[1,3] dioxolo [4,5-g] iso-
quinolin-5-yl) isobenzofuran-1(3H) - zone (9-VPN): To a

solution of 9-bromonoscapine (2.0 g, 4.1mmol) in ethanol/
toluene (1:1, v/v, 100mL), Pd(PPh3)4 (0.59 g, 0.49mmol),
NaHCO3 (8.2mmol) and 4-vinylphenyl boronic acid (1.25 g,
8.2mmol) were added sequentially, and the contents were
stirred for 48 h at 120 �C. After the starting material was com-
pletely consumed in the reaction (judged by TLC), reaction
mixture was cooled to room temperature, the solvents were
evaporated under vacuum. The crude residue was extracted
into dichloromethane (3� 25mL) and washed with brine
solution. The organic layer was collected and passed through
a Na2SO4 bed and later removed under reduced pressure.
The crude residue was chromatographed over a triethyl-
amine silica gel bed, using pet. ether/ethyl acetate (7:3) as
eluents, to give pure compound as colourless solid. (1.32 g)
Yield: 62%; m.p: 120-122 �C; [a]D

25 120.22 (c¼ 1, dichlorome-
thane); 1H NMR (300MHz, CDCl3): d 7.40 (d, J¼ 8.24Hz, 2H),
7.17 (d, J¼ 8.24Hz, 2H), 6.97 (d, J¼ 8.16 Hz, 1H), 6.74-6.66
(dd, J¼ 10.81 Hz, 17.51 Hz, 1H) 6.10 (s, 1H), 5.98 (s, 1H), 5.91
(s, 1H), 5.74 (d, J¼ 17.51Hz, 1H), 5.48 (s, 1H), 5.25 (d,
J¼ 10.81Hz, 1H), 4.47 (s, 1H), 4.10 (s, 6H), 3.90 (s, 3H), 2.66-
2.54 (m, 4H), 2.27-2.13 (m, 2H), 1.77-1.64 (m, 1H). 13C NMR
(75MHz, CDCl3): d 157.9, 152.2, 147.7, 146.0, 143.6, 140.9,
139.6, 136.7, 133.7, 133.5, 130.7, 130.1, 126.0, 120.4, 117.8,
116.1, 114.2, 100.8, 81.9, 62.3, 61.1, 59.5, 56.9, 50.8, 46.6, 27.0,
23.2, 29.6. MS (ESI): m/z 538 [MþNa]þ; HRMS (ESI): Calcd for
C30H29NO7 [MþNa]þ; 538.1841; found: 538.1848. The 1H-
NMR, 13C-NMR and mass spectra (ESI and HR-MS) of the final
product, VPN are included as supporting material (S6 to S9).

Biology

Cell culture and reagents
The natural lead compound, noscapine and docetaxel were
obtained from Sigma. All the chemical reagents and media
used for cell culture were obtained from Mediatech, Cellgro.
Human breast cancer cell line, MCF7 was obtained from the
cell repository of the National Center for Cell Science Pune,
Maharashtra, India. Stock solution (100mM) of the newly syn-
thesised noscapine derivative, VPN was prepared with
dimethyl sulfoxide (DMSO) and stored at 4 �C until use. The
cells were allowed to grow at a temperature of 37 �C in a 5%
CO2 and 95% humidity in Dulbecco’s modified Eagle medium
(DMEM, Pan Biotech), supplemented with 10% fetal bovine
serum (FBS) and antibiotics.

In vitro cell proliferation assay
Inhibition of cell proliferation of MCF7 was assessed by 3-(4,
5-dimethylthiazol-2-yl)-2,5, ditetrazolium bromide (MTT)
assay. Briefly, MCF 7 cells (3� 103) were seeded into 96 well
plates. After post attachment of 48 h, the cells were treated
with different concentrations of VPN alone (10, 25, 50,
100 mM), DOX alone (0.001, 0.01, 0.1,1,10 mM) and in combin-
ation of VPN and DOX (10 mM VPN þ 0.001mM DOX, 15 mM
VPN þ 0.01 mM DOX, 20 mM VPN þ 0.05mM DOX, 25 mM VPN
þ 0.1mM DOX, 30 mM VPN þ 0.5mM DOX). Cells were incu-
bated for 48 h and 72 h. After the stipulated time the cells
were incubated with 10 ll of MTT (5mg/ml) for 4.0 h, at
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37� C and the absorbance was measured in plate reader
(Varioskan, Thermo Scientific) at 570 nm. The value of IC50
(the concentration of the drugs required to prevent cell pro-
liferation by 50%) of VPN alone, DOX alone and in combin-
ation regimen of VPN and DOX was determined. The
experiments were repeated in triplicates.

Cell cycle analysis
MCF7 (1� 105) cells were seeded into a 6-well culture plate.
After 24 h the cells were treated with VPN alone (20 lm),
DOX alone (0.5 lm) or in combination regimen of VPN and
DOX (25lm VPN þ 0.05 lm DOX). Cells were harvested after
24 h of treatment using trypsin-EDTA, washed properly with
phosphate buffered saline (PBS) and fixed in 70% ethanol for
30min. After fixation, the cells were stained with staining
solution that included RNase (5mg/ml), propidium iodide
(5mg/ml) and Triton X (0.1%). In Flow cytometer (FACS
Calibur), the cells were analysed to monitor the inhibition in
cell cycle progression. The experiment was performed in
triplicates.

Apoptosis assay
MCF7 cells (5� 104) were seeded in 35mm plates. After 24 h,
cells were treated with VPN alone (20lm), DOX alone
(0.5 lm) or in combination regimen of VPN and DOX (25lm
VPN þ 0.05 lm DOX) at a temperature of 37 �C and 5% CO2.
Cells were sampled and analyzed using flow cytometry after
24 h of treatment. Briefly, the cells were stained with propi-
dium iodide (PI) and Annexin-V-Alexa Fluor 488 (BD
Pharmingen, San Diego, CA, USA) according to the man-
ufacturer’s protocol. Percentage of apoptotic cells were
assessed using BD FACS Calibur (San Jose, CA, USA).

DAPI staining
The apoptotic cells in presence of VPN (20 lm), DOX (0.5 lm)
and in combination regimen (25lm VPN þ 0.05 lm DOX)
were visualized by staining with DAPI under fluorescence
microscopy. In brief, MCF7 cells (3� 103 cells) were grown
on poly-l-lysine coated coverslips in 6-well plates and treated
with single as well as in combination regimen for 48 h. The
cells were then washed twice with ice-cold PBS. The cover-
slips were fixed with 70% ethanol and stained using DAPI,
followed by imaging using BX60 fluorescence microscope
(Olympus, Tokyo, Japan). Apoptotic cells were identified as
changes in cellular morphology (e.g. nuclear condensation,
membrane blebs formation, and apoptotic bodies).

Tubulin purification
Microtubules were isolated and purified from the goat brain
through alternative cycles of GTP-dependent polymerization
and depolymerisation in PEM buffer (50mM pipes, 3mM
MgSO4, 1mM EGTA, pH 6.8) (Hamel & Lin, 1981; Panda et al.,
2000). The purified microtubules were preserved at �80 �C.
The purified tubulin was estimated using the Bradford
method as well as by SDS PAGE (Bradford, 1976).

Tryptophan quenching assay
Tubulin (2lM) was incubated in a water bath with VPN at a
concentration of 20 lM, DOX at a concentration of 0.5 lM
and in combination regimen (DOX 0.05 lMþ VPN 25 lM) in
PEM buffer (50mM pipes, 3mM MgSO4, 1mM EGTA, PH 6.8)
for 45min at 35˚C. The samples were excited at 295 nm and
emission was measured at 310-400 nm. For the spectrofluoro-
metric titrations a FlouroMaxVR 4 spectrofluorometer (Horiba
Scientifc, Edison, NJ) assisted by Fluor Essence 3.5 software
was used. The experiments were repeated twice.

ANS (8-Anilino-1-naphthalene sulfonic acid)-binding assay
ANS binding assay was performed to verify the structural
integrity of the tubulin in presence of VPN and DOX in single
as well as in combination regimen. Tubulin (2lM) was incu-
bated with VPN (20 lM and 50 lM), DOX (0.5 lM) and in
combination regimen (DOX 0.05 lMþVPN 25 lM) at 35 �C
for 30min in PEM buffer. ANS (50 lM) was added and the
samples were incubated in dark at 25 �C for 15min. The sam-
ples were excited at 350 nm and the emission was measured
at 410–470 nm using a Flourolog 3 spectrofluorometer
(Horiba Scientific, Edition, NJ) assisted by fluorescence 3.5
software. The assays were repeated two times.

Results and discussion

Molecular modelling
Both noscapinoid and docetaxel were reported to bind to
tubulin at a different site. Noscapinoids bind at the interface
of a- and b- tubulin (Naik et al., 2011), whereas the binding
of docetaxel was biased to b-tubulin (Snyder et al., 2001).
Since both the ligands bind to tubulin, we are interested to
determine the binding affinity of both VPN and DOX when
both the ligands are docked at their respective binding site
onto tubulin. We have performed two cycles of molecule
docking with tubulin. In the first cycle DOX was docked onto
its binding site and similarly VPN was docked onto noscapi-
noid binding site using Glide XP docking to calculate their
binding affinity, individually. Both the ligands, VPN and DOX
docked well into their binding site with a docking score of
�4.82 kcal/mol and �6.67 kcal/mol respectively (Table 1). The
DOX-tubulin complex was taken in the second cycle and the
VPN was docked onto the noscapinoid binding site. Presence
of DOX on its binding site interfered with the binding of
VPN with a reduced docking score of �3.232 kcal/mol. It may
be because of the alteration of the secondary conformation
of tubulin due to binding of DOX.

MD simulation of the complex
We determine the binding mode of both VPN and DOX inde-
pendently with tubulin (Tub-VPN and Tub-DOX complexes)
as well as in the presence of both of them in their respective
binding site onto tubulin (Tub-DOXþVPN) by molecule
dynamic simulation of 100 ns to obtain a trajectory of 5,000
frames, each frame recorded every 20 ps. Root mean square
deviations (RMSD) of Ca-atoms during the entire duration of
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simulation were calculated for all the frames to monitor the
stability of the system (Figure 2).

All the systems got stabilized after 20 ns of simulation,
since the relative fluctuation in the RMSD of Ca carbon
atoms (Ca-rmsd) was very small after equilibration. The over-
all RMSD ranges from 0 to 2.582Å. Furthermore, root mean
square fluctuations (RMSF) of Ca-atoms were also calculated
for all the systems to find any changes in the residue flexibil-
ities. The RMSF values were plotted against residue numbers
based on the 100 ns trajectory (Figure 3). The residues with
higher RMSF tend to show more flexibility. Both VPN and
DOX were well accommodated inside the binding cavity. The
VPN docked well at the interface of a- and b- tubulin,
whereas the binding of DOX is biased more towards b-tubu-
lin (Figure 4a and b). Their binding mode with the tubulin
was represented in two steps: (a) receptor residues that have
strong interactions with the ligand, such as a favourable
hydrogen-bonding interactions, and (b) receptor residues
that are close to the ligand, but whose interactions with the
ligand are weak or diffuse, such as hydrophobic interaction.

The differential mode of interactions of compounds VPN
and DOX with the residues of tubulin are represented in the
Ligplot. The differences in amino acids for binding of VPN
with tubulin independently and in combination with DOX
(Figure 4c and d) were mainly because of the change in con-
formation of tubulin due to binding of DOX. Similarly, the
differences in amino acids for binding of DOX with tubulin,
independently and in combination (Figure 4e and f) were
due to change in the conformation of tubulin upon binding
of VPN. As seen in the figure several hydrogen bonds and
hydrophobic interactions are involved in their binding.

The amino acids of the binding site involved in the binding
of VPN are Glu 336(D),Val 351(D), Leu 333(D),Pro 175(A), Glu
207(A), Arg 340(A), Asn 337(D), Lys 394(A) (Figure 4c), and the
DOX are Val 23(D), Ala 233(D), His 229(D), Asp 226(D), Leu
219(D), Leu 371(D), Arg 278(D), Arg 369(D), Gly 370(D) (Figure
4d). The two hydrogen bonds contributed to the interactions
of VPN with the binding pocket of tubulin. The oxygen atom
(O2) of the isoquinoline ring is hydrogen-bonded with the ND2
of the side chain of Leu D 286 with a distance of 3.04 Å. The
carbonyl oxygen of isobenzofuran ring is hydrogen-bonded
with the side chain of Arg D 278 with the distance of 3.05Å’.
Similarly, binding of DOX involves two hydrogen bonds; the
amino acids Lys 372, Leu 371, Gly 370, Leu 286 and Gln 281
contributed to hydrophobic interactions with the ligands. The
isoquinoline ring is hydrogen-bonded with ND2 of the side
chain of Asn D 337 with a distance of 3.21 Å and the isobenzo-
furan ring is hydrogen-bonded with the side chain of Lys A
394 with the distance of 2.90 Å. In contrast, there is significant
difference in the amino acids involved in the interaction of
VPN as well as DOX in the co-complex of tubulin with both the
ligands together (Figure 4e and f) This clearly explains
the changes in the binding mode of VPN and DOX when both
the ligands are docked together with the tubulin so there is a
chance of combination effect.

Calculated binding affinities of VPN and DOX
The binding free energy and its respective components of
both VPN and DOX with tubulin were calculated independ-
ently as well as in combination and presented in Table 2. We
have considered last 250 frames from the last 5 ns of trajectory

Table 1. Molecular docking results (Glide XPscore) and the relevent energy parameters of VPN and DOX in single as well as in combin-
ation with tubulin.

Ligands Glide XPscore (kcal/mol) Glide Evdw (kcal/mol) Glide Ecoul (kcal/mol) Glide energy (kcal/mol)

VPN �4.82 �39.86 �8.16 �48.02
DOX �6.67 �41.63 �8.46 �50.09
VPN-DOX �3.23 �32.83 �9.27 �42.10

Figure 2. Root mean square deviations (RMSD) of Ca carbon atoms of tubulin
only and in complex with VPN (Tubulinþ VPN), with docetaxel (TubulinþDOX)
and with both docetaxel and VPN (TubulinþDOXþ VPN) during 100 ns of MD
simulation. The relative fluctuation in the RMSD of the Ca atoms is very small after
� 20 ns of the simulation. The time step of 20ps was used during the simulation
that generated 5,000 frames which were used to generate the average structure.

Figure 3. Root mean square fluctuation (RMSF) of the residues of tubulin of
the docked ligands in the bound form and in the unbound form of tubulin het-
erodimer. Different levels of flexibility of these residues were noticed in the
bound form of tubulin with VPN and DOX in single as well as in combination.
Most of the residues showed flexibilities >5 Å in case of tubulin bound with
VPN and DOX as compared to the free tubulin heterodimer, indicating that
these residues seem to be more flexible as a result of binding.
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to calculate the ensemble average of the free energy of bind-
ing using both MM-GBSA and MM-PBSA methods. For all com-
plexes, the binding energy was decomposed into its various
energy components (the electrostatic, van der Waals and solv-
ation). Both van der Waals (DEVDW) and the electrostatic com-
ponent (DEELE) were observed to make very significant
contributions to the free energy of binding. However, the net

polar contribution (DG(ele,PB/GB) ¼ DEele þ DG(PB/GB)) was ren-
dered unfavourable due to very large penalty imposed by the
desolvation component (DGPB/GB) while the net nonpolar com-
ponent (DEvdw) and (DGsol-np) were observed to have made
highly favourable contribution to the binding free energy.

The results obtained from both the methods suggested
very robust interactions of both VPN and DOX independently

Figure 4. (a) Both VPN and DOX are well accomodated inside their respective binding site of tubulin. (b) Snapshot of both the ligands are obtained from the MD
simulation. The binding site is represented as macromodel surface according to a- and b- tubulin (a-tubulin is represented in blue colour and b-tubulin is repre-
sented in brown colour). The ligplot analysis showing the interaction of binding site amino acids with the (c) VPN, (d) DOX, (e) VPN when it is docked into the co-
complex of tubulin and DOX, and (f) DOX when it is docked into the co-complex of tubulin and VPN. The binding site residues involved in the interaction of VPN
and DOX are slightly different in single as well as combine docking. The hydrogen bonds formed (if any) are represented as dotted lines.
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as well as in combination. The predicted binding free ener-
gies (DGbind) based on MM-GBSA method for VPN and DOX
independently are �24.12 kcal/mol and �20.07 kcal/mol and
in combination of both are �19.99 kcal/mol and �24.17 kcal/
mol respectively. In contrary the DGbind based on MM-PBSA
for VPN and DOX independently are estimated to be
�24.04 kcal/mol and �18.65 kcal/mol and in combination of
both are �21.41 kcal/mol and �22.70 kcal/mol. The differen-
ces in the calculation of DGbind between both the methods
derived from the difference in calculation of the contribution
to the polar solvation energy, which is slightly higher in the
MM-PBSA calculation compared to MM-GBSA. Very robust
van der Waals (DEVDW) interactions of VPN, to the magnitude
of �33.51 kcal/mol to �30.34 kcal/mol were observed for the
single and combination with DOX. Similarly, the DEVDW inter-
actions of DOX, to the magnitude of �34.04 kcal/mol to
�35.39 kcal/mol were observed for the DOX in single as well
as in combination with VPN. The net polar component
(DGGB-polar) was observed to be unfavourable in the inter-
action of VPN and DOX with tubulin (Table 2). The

unfavourable polar contributions were observed to have
overcome the highly favourable non-polar components
(DGsol-np) among both the dimers. Interactions of VPN and
DOX with tubulin seem to be steered by nonpolar compo-
nent. This can be explained by the tendency of the nonpolar
residues to readily bury themselves in the hydrophobic pock-
ets and displaced water.

Per residue energy decomposition
Energy contribution of each residue in the binding of VPN
and DOX was calculated using the MM-GBSA method to
investigate the details of protein-ligand interactions at the
atomic level. The predictive binding energy (DGbind,GB) of
VPN and DOX independently was decomposed into per resi-
due basis and included in (Figure 5a). Per residue contribu-
tion of binding free energy is an efficient way to investigate
the details of protein–ligand interactions at the atomic level.
We have identified the residues that have the greatest
impact, in terms of total energy (DGbind) contribution, known
as hotspot amino acids. For the binding of VPN, residue
Met323 showed the largest contribution (< �1.0 kcal/mol),
while five other binding site residues (Glu183, Gln245,
Asp327, Ala352 and Val353) contributed energy > �1.0 kcal/
mol (Figure 5a). Moreover, the hot spot amino acids make
considerable electrostatic energy contribution towards the
binding of VPN. The hotspot amino acids in the binding of
VPN were slightly different in presence of DOX. For the bind-
ing of DOX, residues Ala283, Leu361, Lys362 and Met363,
showed the largest contribution of < �1.0 kcal/mol, whereas
four other amino acids Tyr281, Arg282, Ala283 and Leu284)
contributed > �1.0 kcal/mol energy (Figure 5b). All these hot
spot amino acids make considerable van der Waals energy
contribution towards the binding of DOX. The hospot amino
acids were found to be diffferent in the presence of VPN.

Table 2. Calculated binding energy and its various componentes (kcal/mol) of
VPN and DOX in single as well as in combination binding with tubulin. The
values in bold represent the DGbind energy of molecules with tubulin based
on MM-GBSA and MM-PBSA methods.

Energy
component Tub_VPN Tub_Dox Tub_DOXþ VPN Tub_VPNþDOX

DEVDW �33.51 �34.04 �30.34 �35.39
DEELE �289.96 �11.21 �313.55 �20.00
DEGAS �323.46 �45.26 �343.88 �55.40
DGGB-Polar 303.25 29.70 327.49 35.98
DGSOL-NP �3.92 �4.51 �3.60 �4.75
DGSOL-GB 299.33 25.19 323.90 31.23
DGbind-GBSA -24.12 -20.07 -19.99 -24.17
DGPB 303.16 30.92 325.94 36.8913
DGSOL-NP �3.74 �4.31 �3.46 �4.1931
DGSOL-PB 299.42 26.61 322.48 32.6982
DGbind-PBSA -24.04 -18.65 -21.41 -22.7061

Figure 5. Energy contribution of hotspot residues. A. The energy contributions of binding site amino acids within 12 Å of the docked ligand in terms of Evdw, Eele,
Epolar and Etotal with VPN when it docked in single with the tubulin as well as in the co-complex of tubulin-DOX (A) and with DOX when it docked in single with
the tubulin as well as in the co-complex of tubulin-VPN (B). For binding of VPN the hotspot amino acids make considerable electrostatic interaction energy,
whereas for binding of DOX the hotspot amino acids make considerable van der Walls interaction energy. Further, for the binding of VPN and DOX with tubulin
only and in co-complex with the ligands slightly different set of binding site amino acids are involved.
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Figure 6. The inhibition of cellular proliferation of human breast cancer cell, MCF-7 with the treatment of VPN and DOX in single as well as in combination regi-
men at different concentration after 48 h and 72 h post-treatment. The IC50 value amounted to 30.17mM and 19.92 mM, respectively for 48 h and 72 h with VPN.
Similarly, the IC50 value amounted to 0.621mM and 0.193mM, respectively for 48 h and 72 h with DOX. In contrast, the approximately 50% inhibition of cellular
inhibition was achieved in a combination regimen of VPN (20 mM) and DOX (0.05 mM) after 48 h and 72 h post-treatment.

Figure 7. Panels (A) to (D) depicts cell cycle distribution of MCF-7 cells in a two-dimensional disposition as determined by flow cytometry at 24 h of treatment
with 20mM of VPN, 0.5mM of DOX as single regimen and 25mM of VPN þ 0.05 mM of DOX in combination regimen. Results represent cell cycle progression at
mitosis followed by the appearance of a characteristic hypodiploid (sub-G1) DNA peak is indicative of apoptosis.
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Chemistry

It is always a challenge to synthesize the derivatives of
noscapine because of their highly sensitive C-C bond
between isoquinoline and isobenzofuranone ring compo-
nents which are labile to strong acids and base. However,
we have optimized the reaction conditions for the amalgam-
ation of the VPN from 9-bromonoscapine as starting material
without affecting the sensitive C-C bond (Scheme 1).

The starting material 9-bromo noscapine required was
synthesized from natural a-noscapine in excellent yield (90%)
using bromine water in 48% aqueous HBr by modifying the
reaction conditions described in literature (Naik et al., 2011).
9-bromonoscapine reacted with 4-vinyl boronic acid,
Pd(TPP)4, NaHCO3 in ethanol/toluene at 120 �C for 48 h to
give VPN in 60% yield. Both 9-Br-Noscapine and VPN were
fully characterised by 1H, 13C NMR and mass (ESI and HRMS),
IR spectral data (supporting material S1-S9).

Biology

VPN inhibits proliferation of cancer cells
Inspired by the in silico prediction of binding affinity of VPN
with tubulin dimer, we evaluated its efficacy in inhibiting
proliferation of MCF7 cells in single and in combination regi-
men with DOX. The anti-proliferative activity for both VPN
and DOX increases with the increasing concentration in sin-
gle as well as in combination regimen (Figure 6). The IC50
value amounted to 30.17 mM and 19.92 mM, respectively for
48 h and 72 h with VPN. Similarly, the IC50 value amounted
to 0.621mM and 0.193 mM, respectively for 48 h and 72 h with
DOX. Surprisingly, the inhibition of cellular proliferation was
significantly achieved with the combination dose regimens
of both VPN and DOX. The approximately 50% inhibition of

cellular proliferation was found to be at VPN (20 mM) and
DOX (0.05 mM). The dose dependent cytotoxicity of DOX has
been reduced considerably with the combination dose regi-
men of VPN.

Cell cycle analysis
Inhibition in the progression of cell cycle of MCF7 with treat-
ment of VPN (20 mM) and DOX (0.5 mM) in single regimen as
well as in combination regimen (25 mM VPN þ 0.05mM DOX)
was evaluated using flow cytometer. Both the compounds
showed an increase in the sub-G1 cell populations compared
to the control after 24 h of treatment in single and in com-
bination regimen. The representative two-dimensional dis-
position of cell cycle profile is included in Figure 7. The sub-
G1 population with treatment of VPN was increased to
8.12%, whereas with DOX it was increased to 16.1% and in
combination it further increased to 19.4% in comparison to
control. A cell must lose enough DNA to appear in the sub-
G1 area. Therefore, both the compounds, VPN and DOX in
single as well as in combination induce apoptosis to cancer
cell. Maximum cells were arrested at the G2M transi-
tion phase.

Apoptosis assay
We approached to determine the induction of apoptotic cell
death to breast cancer cell, MCF-7 by treatment of VPN and
DOX in single as well as in combination regimen.
Biochemically, the early apoptotic stage is characterized by
the loss of lipid asymmetry between the two plasma mem-
brane leaflets, resulting in an irregular externalization of
phosphatidylserine (PS) from the inside leaflet to the outer
leaflet, which can be measured fluorescently by annexin V

Figure 8. Induction of apoptosis caused by VPN (20lM) and DOX (0.5 mM) alone and in their combination regimen (VPN, 25lMþDOX, 0.05 lM) based on flow
cytometric analysis. PE/Annexin V staining was used in combination with 7-Amino-Actinomycin (7-AAD) to distinguish among 4 subpopulations: cells negative for
both 7-AAD and Annexin V staining were viable cells (in the lower left quadrant: Q3); 7-AAD-negative, Annexin V-positive cells were early apoptotic cells (in the
lower right quadrant: Q4); 7-AAD-positive, Annexin V-positive cells were primarily late apoptotic/necrotic cells (in the upper right quadrant: Q2); and the 7-AAD-
positive but annexin V-negative cells were necrotic cells (in the upper left quadrant: Q1).
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binding. In contrast, a cell-impermeant DNA-binding fluores-
cent dye, propodium iodide can only enter the cells when it is
at the stage of late apoptosis when membrane permeability is
compromised. The apoptotic cells can be quantified to a large
extent by FACS analysis. In FACS analysis, green Annexin V
staining was used together with an impermeant red DNA bind-
ing dye, 7-Amino-Actinomycin (7-AAD), to quantitate the
population of apoptotic, necroptotic and necrotic cells. Figure
8 depicts the density plots of 7-Amino-Actinomycin (7-AAD)
versus PE conjugated Annexin V fluorescence obtained
from untreated control and treated MCF7 cells. Cells nega-
tive for both 7-AAD and Annexin V staining were viable
cells (in the lower left quadrant: Q3); 7-AAD-negative,
Annexin V-positive cells were early apoptotic cells (in the
lower right quadrant: Q4); 7-AAD-positive, Annexin V-posi-
tive cells were primarily late apoptotic/necrotic cells (in the
upper right quadrant: Q2); and the 7-AAD-positive but
annexin V-negative cells were necrotic cells (in the upper
left quadrant: Q1). As anticipated, MCF-7 cells treated with
both VPN (20mM) and DOX (0.5 mM) in single as well as in

combination regimen (VPN, 25 mMþDOX, 0.05 mM) for a
duration of 24 h and 48 h resulted in significant increase of
apoptotic cells compared to control untreated cells (Figure
8). The percentage of early apoptotic cells were measured
to be 4.79%, 10.9%, 20.4% and late apoptotic cells were
estimated to be 5.97%, 3.8%,16.9%, respectively with treat-
ment of VPN and DOX in single as well as in combination
regimen after 24 h of post-treatment. Parenthetically, a simi-
lar significantly high percentage of early apoptotic cells of
12,5%, 14.1% and 21.3% as well as late apoptotic cells of
7.90%, 10.5% and 32.1%, respectively with treatment of
VPN and DOX in single as well as in combination regimen,
after 48 h, was measured and compared to controlled
untreated cells (Figure 8). The control untreated cell culture
contained only very few early apoptotic (0.83% and 2.01%
after 24 h and 48 h post-treatment) and late apoptotic cells
(2.17% and 2.14% after 24 h and 48 h post-treatment),
which were considered as the background cell death due
to regular trauma during cell culture (Figure 8). This is
mainly because we have taken unstained cell for gating

Figure 9. Morphologic indicators of apoptotic cell death include chromatin condensation along with nuclear envelope and plasma membrane blebbing followed
by formation of small apoptotic bodies. Panels show morphological evaluation of nuclei stained with DAPI in the absence and presence of the VPN (20mM) and
DOX (0.5 mM) in single as well as in combination regimen (25 mM VPN þ 0.05 mM DOX). Several typical features of apoptotic cells such as condensed chromosomes,
numerous fragmented micronuclei, and apoptotic bodies are evident (indicated by white head arrows) upon 48 h of drug treatment. (Scale bar ¼ 15 lm).

Figure 10. Decrease of fluorescence intensity of tubulin by VPN and DOX in
single as well as in combination regimen. Tubulin (2.0 lM) was incubated with
VPN (20mM) and DOX (0.5 mM) alone as well as in combination regimen (25mM
of VPN þ 0.05 mM of DOX) and the emission spectra were collected (310 nm –
400 nm). Both VPN and DOX in single as well as in combination regimen
showed a concentration-dependent quenching of the intrinsic tubulin fluores-
cence emission intensity indicating the binding of both VPN and DOX to tubu-
lin. The more reduction in tubulin fluorescence intensity in combination
regimen of both VPN and DOX, compared to their single binding, revealed
combination effect with the tubulin. The graph is a representative of three
independent experiments.

Figure 11. Enhancement of tubulin-ANS fluorescence by VPN and DOX in sin-
gle as well as in combination regimen. Tubulin (2.0 mM) was incubated without
(control) or with VPN (50mM and 20 mM), DOX (0.5 mM) and in their combin-
ation regimen (VPN 25 mMþDOX 0.05mM, VPN 50 mMþDOX 0.05mM), fol-
lowed by incubation with ANS (50mM). The samples were excited at 380 nm
and the emission spectra were collected (390 nm – 500 nm). Both VPN and DOX
in single as well as in combination regimen showed a concentration-dependent
increase in tubulin-ANS fluorescence indicating the binding of both VPN and
DOX to tubulin. The increase is more in tubulin-ANS fluorescence in combin-
ation regimen of both VPN and DOX, compared to their single binding,
revealed combination effect with the tubulin. The graph is a representative of
three independent experiments.
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and put the stained control cells in the FACS analysis as
per the standard protocol (Ji et al., 2017; Sivakumaran
et al., 2018; Fan et al., 2018).

DAPI staining
The induction of apoptosis to cancer cells were observed
under the inverted fluorescence microscope after treatment
of VPN and DOX in single as well as in combination. The
apoptotic cells have significant alteration in the membrane
architecture, blebbing of plasma membrane, chromatin con-
densation and chromosomal breakdown (apoptotic bodies)
which could be visualized using the 40, 6-diamidino-2-phenyl-
indole (DAPI) fluorescent dye. Both the compounds in both
single and in combination, efficiently induced apoptosis to
cancer cell as revealed in the (Figure 9).

Tryptophan quenching assay
Tubulin is autofluorescence due to presence of tryptophan
amino acid. Thus any alteration in its conformation with lig-
and binding decreases emission fluorescence - a tool used to
recognize a ligand binding. The reduced fluorescence inten-
sity in presence of increasing concentration of VPN and DOX
in single as well as in combination, indicates the binding of
both the compounds with tubulin. The relative percentage
of decrease in fluorescence intensity was 19.86% and 25.31%
respectively in presence of 20 mM VPN and 0.5mM of DOX
and 55% in combination of DOX (0.05 mM) and VPN (25 mM)
(Figure 10). The significant reduction in tubulin fluorescence
intensity in the combine regimen of VPN and DOX indicate
co-binding of both the ligands with tubulin.

ANS-binding assay (8-anilino-1-naphthalenesulfonic acid)
Next, we investigated the impact of VPN (20 and 50lM) and
DOX (0.5 lM) on tubulin conformation changes using ANS
binding assay, a fluorescent probe that binds to the protein’s
hydrophobic patches. Treatment of tubulin with VPN (20 and
50mM) showed increase in tubulin-ANS fluorescence intensity
in a way dependent on the concentration (Figure 11). It
showed 20% and 31.8% increase in fluorescence intensity at
20 and 50 mM of VPN, whereas 23.39% in presence of DOX
(0.5 mM) in comparison to unbound tubulin. Similarly, the
tubulin-ANS fluorescence intensity was increased to 45% in
combination treatment of VPN (25 mM) and DOX (0.05 mM) as
well as 54% in combination of VPN (50mM) and DOX
(0.05 mM). The relative increase in tubulin-ANS fluorescence
intensity in combination treatment of VPN and DOX com-
pared to single regimen indicates the synergistic effect in
the binding of both the compounds onto their respective
binding sites.

Conclusion

Our extensive molecular modelling, cellular and biochemical
studies, revealed the combination effect of newly designed
derivative of noscapine (VPN) and docetaxel. The calculated
binding free energy with tubulin was found to be different

when both the ligands bound together into their respective
binding sites compared to their single binding. The molecu-
lar dynamic simulation for 100 ns also revealed stable inter-
action of both the ligands with the tubulin. The inhibition of
proliferative activity was significantly enhanced when both
the drugs were used for treatment together, compared to
their single regimen treatment. Similarly, the combination
regimen of VPN and DOX effectively interfered with the cell
cycle progression and induced apoptosis to cancer cells com-
pared to their single regimen treatment. Both the ligands
also found to bind with tubulin efficiently at combination
treatment. Taken together, it is concluded that the anticancer
activity of both VPN and docetaxel could be combined for
better therapeutic outcome with minimum toxicity. Thus the
synergistic use of VPN and DOX could be a novel approach
for the treatment of breast cancer.
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Abstract: Docetaxel (DOX) is one of the clinically used chemotherapeutic agents for the treatment of breast
cancer, instead of its severe side effects. Noscapine, an antitussive opium alkaloid, on the other hand, has
shown antitumor activity against a number of cancers without any significant side effects. Since both the
compounds targeted tubulin, it is interesting to see the combined effect of both the compounds for the
management of breast cancer. The binding energy of -3.49 and -4.18 kcal/mol respectively was noted by the
molecular docking of amino-noscapine and DOX on the microtubule. In contrast, the binding energy was
improved significantly (-6.27 kcal/mol) when the DOX was docked to the co-complex of amino-noscapine and
tubulin, indicating the combined effect of both the ligands. The cell killing potential represented in terms of IC

50

value was 38.07 μM and 28.4 μM for a treatment duration of 48 h and 72 h for amino-noscapine. Parenthetically
the IC

50
 value was 0.61 μM and 0.08 μM for DOX respectively for the treatment duration of 48 h and 72 h. The

cytotoxic effect of DOX was reduced significantly (to 0.05 μM) in combined treatment with amino-noscapine (20
μM). Apropos to the cytotoxic effect, both the compounds induced apoptosis to cancer cell by interfering with
the cell cycle progression. Again, the induction of apoptosis was more effective in the combined treatment of
both the compounds. This investigation offers a promising concept for the combination of DOX and amino-

noscapine treatment to improve effectiveness in the treatment of breast cancer.

Keywords: Anti-tumor activity, Amino-Noscapine, MCF-7, Molecular Docking, Tubulin binding affinity,
Alkaloids, Cancer therapy.
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Introduction
Microtubule-interfering drugs like taxol derivatives
and vinca alkaloids are effective chemotherapy
agents for a variety of human cancers. However,
these drugs are plagued by severe toxicity to
patients 1-6. More importantly, the patients have
shown resistance to taxol derivatives. The success

of taxol in the management of aggressive breast
and ovarian cancers is a chance to identify other
compounds that target microtubules but are less
toxic, soluble in aqueous solutions and substantially
effective both in single as well as in combination
with currently available drugs such as docetaxel
(low doses). Noscapine, a safe anti-tussive agent,
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is an excellent choice of treatment to use, which
is not detrimental to healthy cells 7-8. Joshi et al.
have recently conducted multiple experiments to
determine the mode of action of noscapine. 7-10.

It is a novel selective tubulin-binding anticancer
drug that does not alter tubulin’s organization
(monomer/polymer ratio) across a wide range of
concentrations 7,12. This is a unique advantage over
currently available antimicrotubule drugs that
either inhibit the disassembly of the microtubule
(taxanes, epothilone) or inhibit the assembly of
tubulin (vincas, eribulin, estramustine) and
therefore do not trigger any hemo and neuronal
toxicity. In addition, the derivatives of noscapine
inhibit cell proliferation and cause G2/M arrest in
different human cancer cells followed by apoptotic
cell death 13-19. We have demonstrated that these
compounds bind with a better binding affinity to
tubulin. While several synthesized derivatives of
noscapine showed promising in vitro activity
against tumor cell lines, it would be unable to
achieve complete elimination of the disease despite
increased dosages. Over the course of this
decade, it has become well understood that more
toxic drugs are not necessarily better at their
maximum tolerated dose (MTD) and that there is
an opportunity to reduce their dose levels through
the use of combination drug regimens that
demonstrate synergistic interactions 20.

Different groups of compounds that include a
ring structure and a nitrogen atom are alkaloids.
The chemical structure of these alkaloids and their
biosynthetic precursors is of significant concern.
Due to their various significant biological activity
and medicinal applications, alkaloids have been
thoroughly researched. As an example, ephedrine
was tested for antiasthmatic activity, morphine was
tested for analgesic action and vinblastine was
tested for its anticancer activity 21-23. The widely
used insole alkaloids include serotonin and other
associated compounds. It is anticipated that about
2000 compounds are being classified as indole
alkaloids. However, alkaloids are the most bio-
active compounds in natural herbs. Some alkaloids
were already used as chemotherapeutic agents
viz. camptothecin (CPT), a common inhibitor of
topoisomerase I (Topo I) 24 and vinblastine, a
tubulin-binding agent. Vinblastine, strychnine,

ajmaline, vincamine, vincristine and ajmalicine are
among the most researched participants because
of their pharmacological activities 25.

The existence of several drug binding sites on
tubulin suggests that the rational combination of
two or more drugs may increase the effectiveness
of anticancer activity and reduce toxic side effects.
The combination of docetaxel and other agents
has earlier shown to increase the anticancer
efficacy with lung cancer 26-30 and breast cancer
31. In the current study, we approach to evaluate
the anticancer activity with combination regimens
of amino-noscapine and Docetaxel for the
management of breast cancer.

Material and methods
Chemistry
The amino-noscapine was synthesized from the
lead molecule, noscapine as per the method
described earlier 32,33. First of all, bromo-noscapine
was synthesized from the noscapine by adding
hydrobromic acid (~40 ml) and bromine water
(~250 ml). The bromo-noscapine was converted
to azido-noscapine in presence of sodium azide
(40.63 mmol) and sodium iodide (4.063 mmol).
Finally, amino-noscapine was synthesized from
azido-noscapine by adding a solution of SnCl

2
 in

THF (10 ml), thiophenol and triphenylamine. The
detailed of the synthetic scheme was mentioned
below. The amino-noscapine was structurally
elucidated based on 1H NMR (300 MHz), 13C
NMR (75 MHz), HRMS, etc. as reported
previously 34 and the final product as supporting
information.

Molecular modelling
Protein preparation
The crystal structure of tubulin-amino noscapine
(PDB ID: 6Y6D, resolution 2.20 Å) 35 was used
for molecular docking of amino-noscapine and
DOX. To prepare the protein structure, the pro-
tein preparation wizard (Schrödinger) was used
and Macromodel (Schrödinger) was used for en-
ergy minimization 36. For energy minimization, the
OPLS 2005 force field with the Polak-Ribiere
Conjugate Gradient (PRCG) algorithm with 1000
steps and an energy gradient of 0.001 kcal/mol
was used.
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Scheme 1. Synthesis of 9-amino-noscapine. (i) HBr/Br
2
-H

2
O at 25°C/h,

(ii) NaN
3
/NaI in DMF at 80°C/15h, (iii) SnCl

2
/PhSH/Et

3
N in THF at 25°C/2h

Ligand preparation
The amino-noscapine and DOX molecular frame-
work were developed using the maestro molecu-
lar builder (version 17.4, Schrodinger). Using
Macromodel (version 17.4, Schrodinger) and
OPLS 2005 force field, the constructed structures
were energy minimized. A PRCG algorithm with
1000 steps and an energy gradient of 0.001 was
used for energy minimization. Using Ligprep, a
suitable bond order was allocated to each ligand.
In addition, the ligands were DFT optimized using
Jaguar (version 17.4, Schrödinger, LLC) applying
Becke’s three-parameter exchange potential and
the Lee-Yang-Parr correlation functional (B3LYP)
37-38 with base set 3-21G* 39-41.

Molecular docking
Using Glide-XP (Extra Precision) (Schrödinger)
42, both amino-noscapine and DOX were docked
to αβ-tubulin heterodimer at their respective bind-
ing cavities. The recorded noscapinoid 35 and DOX
binding pockets 13 were established using a con-
centrated grid box at the center of the binding site
using the Glide grid-receptor generation software.
In order to contain the center mass of the docked
ligand, a bounding box of size 14Å x 14Å x 14Å
was specified. Also, specified larger enclosing box
of size 20Å x 20Å x 20Å that occupied all the
docked pose atoms. Using Glide-XP on the re-
spective binding sites, both Amino-noscapine and
DOX were docked. The DOX was docked onto
the amino-noscapine and tubulin complex and the
Amino-noscapine was docked onto the DOX and
tubulin complex. The binding of ligands was eval-
uated using a parameter of the Glide XP score.
For the ligand docking method, the scale factor of
0.4 for van der Waals radii was implemented to

protein atoms with exact partial charges less than
or equal to 0.25. Out of the 10000 poses sampled,
1000 were extracted by minimization (conjugate
gradients) and favorable Glide docking perfor-
mance was further evaluated by 30 structures with
the lowest energy conformation.

Biology
Cell culture and reagents
Noscapine and docetaxel were obtained from
Sigma. All the chemical reagents and media used
for cell culture were obtained from Mediatech,
Cellgro. The human breast cancer cell line, MCF7
was obtained from the cell repository of the
National Center for Cell Science Pune,
Maharashtra, India. The cells were grown in a
5% CO

2
 and 95% humidity in Dulbecco’s modified

Eagle medium (DMEM, Pan Biotech) at a
favorable temperature of 37°C, supplemented with
10 % fetal bovine serum (FBS) and antibiotics.
For bioassays using trypsin-EDTA (0.25%), having
a confluence with 70-80 % cells were subcultured.

In vitro cell proliferation MTT assay
The human breast cancer cell lines MCF-7 (3×103

cells per well) were seeded into 96-well plates.
After incubation for 24 h (when cells reached 70-
80% confluency), the medium was aspirated and
the cells were treated with several concentrations
of amino-noscapine alone (10, 25, 50, 100 μM),
DOX alone (0.001, 0.01, 0.1,1,10 μM) and in
combination of amino-noscapine and DOX (10 μM
amino-noscapine+0.001 μM DOX, 15 μM amino-
noscapine +0.01 μM DOX, 20 μM amino-
noscapine +0.05 μM DOX, 25 μM amino-
noscapine +0.1 μM DOX, 30 μM amino-
noscapine +0.5 μM DOX). After 24h incubation,
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10 μL of MTT (1 mg/mL) solution was added
and the plates were incubated for an additional 4
h at 37°C and the absorbance was measured in a
plate reader (Varioskan, Thermo Scientific) at 570
nm. The value of IC

50
 (the concentration of the

drugs required to prevent cell proliferation by 50
%) of amino-noscapine alone, DOX alone and in
the combination regimen of amino-noscapine +
DOX was determined. The experiments were
repeated in triplicates.

Cell cycle analysis
In Dulbecco’s Modification of Eagle’s Medium
(DMEM), MCF7 cells were cultivated with 4.5
g/l glucose and L-glutamine, supplemented by 10
% bovine fetal serum and 1 % penicillin/
streptomycin. The MCF7 cells (1 X 105) were
seeded with 35 mm plates. Cells were treated with
amino-noscapine alone (25 μm), DOX alone (0.5
μm) or in combination with amino-noscapine and
DOX (25 μm amino-noscapine+0.05 μm DOX)
at 37°C temperatures and 5 % CO

2
 after 24 hours.

Cells were sampled after 24 h of treatment,
followed by analysis using flow cytometry. The
cells were briefly centrifuged, two times washed
with ice-cold phosphate-buffered saline (PBS) and
fixed with 70 % ethanol. The tubes containing the
cell pellets have been deposited for 24 h at -20°C.
Thereafter, the cells were centrifuged at 1000 x g
for 10 minutes, and the supernatant was removed.
The pellet was resuspended in 30 μl of phosphate/
citrate buffer (0.2 M Na

2
HPO

4
/0.1 M citric acid,

pH 7.5) at room temperature for 30 min. Cells
were then washed with 5 ml of PBS and incubated
with 0.5 ml of propidium iodide (5 μg/ml in 0.1 %
Triton-X in PBS) and 5 μg/ml of RNase A for 45
minutes in dark.

Apoptosis assay
Choline phospholipids such as phosphatidylcholine
and sphingomyelin (PS) are exposed to the
external leaflet during apoptosis, whereas amino-
phospholipids  (phosphatidylserine, phosphati-
dylethanolamine) are positioned exclusively on the
lipid bilayer’s cytoplasmic surface. The identi-
fication of PS by the fluorochrome-tagged 36 KDa
anticoagulant protein Annexin V permits apoptotic
incidence to be reliably calculated. Only in the

presence of mM concentrations of divalent
calcium ions, this probe reversibly binds to
phosphatidylserine residues. Apoptosis in cancer
cells has been identified by Annexin-V-FITC
detection kit (Sigma-Aldrich, USA) based on the
instruction provided by the manufacture.

In short, 5x104 cells per well were seeded on a
35 mm plate and incubated for 24 h with a
complete medium. After 24 hours, cells were
treated with amino-noscapine alone (25 μm), DOX
alone (0.5 μm) or in the combination regimen of
amino-noscapine and DOX (25 μm amino-
noscapine+0.5 μm DOX) at a temperature of 37°C
and 5% CO

2
. Cells were trypsinized and stained

with surface marker antibodies (biotin-conjugated
Annexin V, FITC conjugated streptavidin) and
propiumdium iodide (PI). Cells were allowed to
suspend in 1X binding buffer and incubated with
Annexin-V-FITC conjugate for 20 minutes in dark
conditions at room temperature. Flow cytometer
data with 488 nm excitation for PI and emission
at 530 nm were collected. Viable cells (Annexin
V- / PI-), early apoptotic cells (Annexin V+ / PI-),
late apoptotic/necrotic cells (Annexin V+ / PI+)
and late necrotic cells (Annexin V- / PI+) were
identified and determined their percentage,
assessed using BD FACS Calibur (San Jose, CA,
USA).

Tubulin purification
Microtubules were isolated and purified from the
goat brain through alternative cycles of GTP-
dependent polymerization and depolymerization in
PEM buffer (50 mM pipes, 3 mM MgSO4, 1 mM
EGTA, pH 6.8) 43,44. The purified microtubules
were preserved at -80°C. The purified tubulin was
estimated using the Bradford method as well as
by SDS PAGE 45.

Tryptophan quenching assay
Tubulin (2 μM) was incubated in a water bath

with amino-noscapine at a concentration of (20
μM), DOX (0.5 μM) and in combination regimen
(DOX 0.05 μM+ amino-noscapine 25 μM) in
PEM buffer (50 mM pipes, 3 mM MgSO4, 1 mM
EGTA, PH 6.8) for 45 minutes at 35°C. The
samples were excited at 295 nm and emission was
measured at 310-400 nm. For the spectrofluoro-
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metric titrations, a FlouroMax® 4 spectro-
fluorometer (Horiba Scientifc, Edison, NJ) assisted
by Fluor Essence 3.5 software was used. The
experiments were repeated twice.

ANS (8-Anilino-1-naphthalene sulfonic acid)-
binding assay
ANS binding assay was performed to verify the
structural integrity of the tubulin in presence of
amino-noscapine and DOX in a single as well as
in combination regimen. Tubulin (2 μM) was
incubated with two concentrations of amino-
noscapine (25 μM and 50 μM), DOX (0.5 μM)
and in combination regimen (DOX 0.05 μM+
amino-noscapine 25 μM, DOX 0.05 μM+ amino-
noscapine 50 μM) at 35ºC for 30 min in PEM
buffer. ANS (50 μM) was added and the samples
were incubated in dark at 25ºC for 15 minutes.
The samples were excited at 350 nm and the
emission was measured at 410-470 nm using a
Flourolog 3 spectrofluorometer (Horiba Scientific,
Edition, NJ) assisted by fluorescence 3.5
software. The assays were repeated two times.

Results and discussion
Molecular modelling
It was reported that both noscapinoid and
docetaxel bind to tubulin at a different binding site.
Noscapinoids bind at the α- and β-tubulin
interfaces 46, 47, while docetaxel binding was
biased towards β-tubulin 48 (Figure 1). The
difference in the mode of interactions of amino-
noscapine and DOX with the residues of tubulin
was also investigated in protein-ligand interaction
profiler (PLIP), which is an automated detection
and visualization tool of non-covalent protein-ligand
interaction patterns from 3D structures. Results
for each binding site were provided as 3D
interaction diagrams for manual inspection (with
PyMOL). The differences in amino acids for
binding of amino-noscapine with tubulin
independently and in combination with DOX
(Figure 2) were mainly because of the change in
conformation of tubulin due to binding of DOX.
This clearly explains the changes in the binding
mode of amino-noscapine and DOX when both
the ligands were docked together with the tubulin

Figure 1. Both amino-noscapine and Docetaxel are well accomodated inside their respective
tubulin binding site. (b) Snapshot of both the ligands obtained. The binding site is represented as
macromodel surface according to α- and β-tubulin (α-tubulin is represented in green colour and β-
tubulin is represented in brown colour)
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so there is a chance of synergistic effect 48.
Towards determination of binding affinity of

both the ligands in single as well as in combination,
we have docked them at their respective binding
pocket on tubulin in two cycles of molecular
docking. It was found that both amino-noscapine
and DOX docked well into their binding site with
a binding score of -3.494 kcal/mol and -4.18 kcal/
mol respectively (Table 1). The DOX-tubulin
complex was taken in the second cycle and the
amino-noscapine was docked onto the noscapinoid
binding site. The presence of DOX on its binding
site interferes with the binding of amino-noscapine
with a reduced docking score of -6.27 kcal/mol.
It is maybe because of the alteration of the
secondary conformation of tubulin due to the
binding of DOX 49.

Biology
In vitro cell proliferation MTT assay
The MTT assay was used to determine the effect
of amino-noscapine and docetaxel individually and
in their combination on cell viability. Amino-
noscapine showed a dose-dependant cytotoxicity
effect after 24 h in MCF-7 cell line. The antiproli-
ferative activity increases with the increasing
concentration of amino-noscapine and DOX in
single as well as in combination. The percentage
of cell survivability was reduced to ~50 % at 38.7
μM and 28.4 μM respectively at 48 h and 72 h of
treatment with amino-noscapine (Figure 3a). In
contrast, the DOX significantly revealed the dose-
dependant cytotoxicity value of 0.61 μM and 0.08
μM respectively at 48 h and 72 h (Figure 3b).
Further, the combination dose of amino-noscapine

Table 1. Molecular docking results (Glide XP
score

) and the relevant energy parameters
of amino-noscapine and docetaxel in single as well as in combination with tubulin

Ligands Glide Glide Glide Glide Glide Glide Glide
XPscore lipo Hbond Ecoul Evdw Emodel Energy

Amino-noscapine -3.49 -1.56 -0.62 -31.16 -5.97 -42.37 -37.13
Docetaxel -4.18 -0.99 -0.47 -28.17 -8.93 -44.44 -37.65

Amino-noscapine+Docetaxel -6.27 -1.72 -0.01 -43.27 -6.46 -54.22 -49.97

Figure 2. 3D ligplot representing the mechanism in which (a) Docetaxel and (b) Amino-noscapine
interact with the binding sites of the amino acid. The protein-ligand interaction profiler (PLIP) was
used to analyze the docked complex of DOX and Amino-noscapine with tubulin. In the figure, the
hydrogen bonds involved in the binding of ligands are represented

Shruti Gamya Dash et al. / Anal. Chem. Lett. 11 (2) 2021 pp 215 - 229 220



(20 μM) and DOX (0.05 μM) revealed a reduction
in ~50 % cell survival at 48 h and 72 h of treatment.
The decrease in the concentration of DOX in
combination with amino-noscapine in comparison
to single regimen treatment revealed a chance of
combined effect of both the drugs (Figure 3c).

Figure 3. Reduction in percentage of cell survivability with the treatment of Amino-noscapine
and Docetaxel in single as well as in combination regimen for MCF-7 cancer cell

Cell cycle analysis
The effect of amino-noscapine and DOX on the
cell at the required concentration on the cell cycle
profile of MCF-7 was evaluated by the induction
of cell death using fluorescently labeled DNA
deposition as a promising predictor of cell cycle
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progression and cell death. The un-replicated
pattern of 2N DNA following characteristics of
the G1 phase, while the duplicated 4N DNA cells
describe the G2 and M phases. (Figure 4). During
DNA duplication among peaks of 2N and 4N, the
cells exhibit the S stage when DNA is synthesized.
Less than 2N DNA appears in population groups
of dying cells which deteriorate their DNA to
varying degrees.

Treatment of MCF-7 cells with 25 μM treated

test compounds for 24 h resulted in massive
disruptions of the cell cycle profile. High cell
aggregation during the G2/M transition phase at
24 h of treatment compared to untreated cells was
observed in the FACS analysis (Table 2). The sub-
G1 population with the treatment of amino-
noscapine was increased to 9.62 %, whereas with
DOX it was increased to 15.4 % and in combi-
nation, it further increased to 32.6 % in comparison
to control.

Figure 4. Amino-noscapine and docetaxel suppress the progression of the cell cycle at mitosis,
indicated by characteristic hypodiploid (sub-G1) DNA peak, indicative of apoptosis. Figure A-D
demonstrates the two-dimensional cell cycle distribution analysis as assessed by flow cytometry in
MCF-7 cells treated with 25 μM of amino-noscapine, 0.5 μM of docetaxel single regimen, and 25 μM
of amino-noscapine + 0.05 μM of docetaxel single regimen combination regimen.

(C) Docetaxel (D) Amino-noscapine+Docetaxel

(A) Control (B) Amino-noscapine
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Table 2. Effect of amino-noscapine (25 μM), docetaxel (0.5 μm) and their
combination regimen (25 μm amino-noscapine + 0.05 μm docetaxel)

on cell cycle progression of MCF-7 cells for 24 hours

    24 hr
Sub-G1 G

0
/G

1
S G

2
/M

Control 1.93 63.1 5.63 29.4
Amino-noscapine (25 μm) 9.62 40.6 10.1 39.7
Docetaxel (0.5μm) 15.4 27.5 16.6 40.5
Amino-noscapine (25 μm) + Docetaxel (0.05 μm) 32.6 24.0 8.14 35.3

Apoptosis assay
The apoptotic phase is characterized by alterations
in the lipid composition of the cell membrane, i.e.,
phosphatidylserine, usually translocated to the
outer leaflet on the inner leaflet of the cell
membrane, which can be determined by using
fluorescent binding Annexin V. In contrast, the
cell impairment DNA-binding fluorescent dye i.e.,
propidium iodide can only enter the cells at the
stage of late apoptosis when membrane
permeability is compromised. Apoptotic cells can
be quantified by FACS analysis. There were very
few apoptotic cells (~2 %) in the untreated cell
cultures, which were assigned as the background
cell death. MCF7 cells treated with amino-
noscapine for 24 hours showed both early and
late apoptosis (4.12 % and 2.42 %) respectively.
In comparison, DOX demonstrates early and late
apoptosis activation, 10.9 % and 3.80 % after 24
hours respectively. The combination treatment of
DOX (0.05) and amino-noscapine (20) showed
an increased rate of early and late apoptosis (15.1
% and 11.9 %) post 24 hours treatment (Figure
5).

Tryptophan quenching assay
The innate ability of proteins is to display the
intrinsic fluorescence, which has provided a way
to understand the environmental changes after
interaction with the quencher. Tubulin is auto-
fluorescence due to the presence of tryptophan
amino acid. Tryptophan (Trp), tyrosine (Tyr) and
phenylalanine (Phe) are the three natural amino
acids that are fluorescent, but Trp does have the
highest fluorescence quantum yield 50. Thus, any
alteration in its conformation with ligand binding

decreases emission fluorescence - a tool used to
recognize a ligand binding. The dynamic reduced
fluorescence intensity in presence of increasing
concentration of amino-noscapine and DOX in
single as well as in combination, indicate the
binding of both the compounds with tubulin. The
relative percentage of decrease in fluorescence
intensity was 28.87 % in presence of 20 μM amino-
noscapine, 25.31 % in presence of 0.5 μM of DOX
and 64 % in combination of DOX (0.05 μM) and
amino-noscapine (25 μM) (Figure 6).

ANS-binding assay (8-anilino-1-naphthalene-
sulfonic acid)
The impact of amino-noscapine (25 and 50 μM)
and DOX on tubulin conformation changes using
ANS binding assay, a fluorescent probe that binds
to the protein’s hydrophobic patches. Treatment
of tubulin with amino-noscapine (25 and 50 μM)
showed an increase in tubulin-ANS fluorescence
intensity in a way dependent on the concentration
(Figure 7). It showed 45 % and 62.4 % increase
in fluorescence intensity at 25 and 50 μM of
amino-noscapine, whereas 55.39 % in presence
of DOX (0.5 μM) in comparison to unbound
tubulin. Similarly, the tubulin-ANS fluorescence
intensity was increased to 79 % in combination
treatment of DOX (0.5 μM) and amino-
noscapine (25 μM) as well as 88 % in combination
of amino-noscapine (50 μM) and DOX (0.5 μM).
The relative increase in tubulin-ANS
fluorescence intensity in combination treatment
of amino-noscapine and DOX compared to a
single regimen indicate the synergistic effect in
the binding of both the compounds onto their
respective binding sites.
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(A) Control (B) Amino-noscapine

(C) Docetaxel (D) Amino-noscapine+Docetaxel

Figure 5. Analysis of apoptosis cell death induced by Amino-noscapine alone and in combination
with Docetaxel based on flow cytometric analysis. In combination with 7-Amino-Actinomycin (7-
AAD), Annexin V PE conjugate was used to distinguish the difference between 3 subpopulations:
PE-and 7-AAD-the population indicates viable cells (lower left quadrant); PE-and 7-AAD+the
population indicates early apoptotic cells (lower right quadrant); PE+ and 7-AAD+the population
indicates late apoptotic cells (lower right quadrant) (top right quadrant).

Conclusion
We conclude that both amino-noscapine and
docetaxel bind tubulin, alter the conformation of
tubulin and inhibit the cell cycle at G2/M stage
leading to induction of apoptosis. Regardless of
its impressive anticancer bustle, docetaxel has a
comparatively squat therapeutic index and its
clinical significance is limited due to acute and
chronic toxicities such as dose cumulative cardio-
toxicity, myelosuppression, and immuno-

suppression. Consequently, the dose-dosage
regimen can be decreased in combination with
other chemotherapeutic agents. However, the
binding affinity of amino-noscapine increased to
many folds in presence of docetaxel on its binding
site, indicating the combined effect of both the
molecules. Further, the antiproliferative and
apoptosis activity increased significantly when
both amino-noscapine and docetaxel were treated
in combination compared to their single regimen
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Figure 6. Interactions of amino-noscapine with tubulin alone and in combination with DOX
showing concentration-dependent quenching of the intrinsic tubulin fluorescence emission intensity

Figure 7. Interactions of the amino-noscapine with tubulin alone and in combination
with DOX shown by concentration-dependent elevation of tubulin-ANS fluorescence

treatment. All these results taken together
established a proof-of-concept that a rational
combination of amino-noscapine and docetaxel
could generate synergistic effects on cancer
treatment, which is a highly promising and novel
approach for the treatment of breast cancer.
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ABSTRACT

Noscapine, an opium alkaloid was discovered to bind tubulin, arrest dividing cells at mitosis, and 

selectively induced apoptosis to cancer cells. One of its derivatives, N-3-Br-Benzyl-Noscapine 

(Br-Bn-Nos) was demonstrated to have improved anticancer potential compared to noscapine. We 

approached to evaluate the single and combined effect of Br-Bn-Nos and docetaxel (DOX) based 

on molecular modelling and cellular study. The individual predicted free energy of binding 

(∆Gbind,pred) for Br-Bn-Nos and DOX with tubulin was found to be -28.89 kcal/mol and -36.07 

kcal/mol based on MM-GBSA as well as -26.21 kcal/mol and -34.65 kcal/mol based on MM-

PBSA, respectively. However, the ∆Gbind,pred of Br-Bn-Nos was significantly reduced (-33.02 

kcal/mol and -30.24 kcal/mol using MM-GBSA and MM-PBSA)  in presence of DOX on its 

binding pocket. Parenthetically, the ∆Gbind,pred  of DOX was significantly reduced (-37.17 kcal/mol A
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and -32.80 kcal/mol using MM-GBSA and MM-PBSA) in the presence of Br-Bn-Nos on its 

binding pocket. The reduced ∆Gbind,pred in presence of Br-Bn-Nos and DOX together indicated a 

combination effect of both the ligands. The combined interaction of both the agents onto tubulin 

dimmer was also determined experimentally using purified tubulin, in which a combination 

regimen of Br-Bn-Nos and DOX reduced the fluorescence intensity of tubulin to a higher value 

(68%) compared to the single regimen. Further, isobologram analysis revealed the synergistic 

effect of Br-Bn-Nos and DOX in anti-proliferative activity using MCF-7 cell line at 48 h (sum FIC 

= 0.49) and at 72 h (sum FIC = 0.62). The combination dose regimen of Br-Bn-Nos and DOX 

blocks the cell cycle progression at the G2/M phase and induced apoptosis to cancer cells more 

effectively compared to the single regimen. Taken together, our study provides 

compelling evidence that the anticancer potential of noscapine derivatives may be substantially 

improved when it is used in a combined application with DOX for breast cancer.

Keywords: N-3-Br benzyl Noscapine, Molecular Docking, Combination therapy, Docetaxel, 

Breast cancer, Isobologram

Introduction

Chemotherapeutics regimens currently available for breast cancer have been hindered by 

poor selectivity towards cancerous cells and hence, associated with severe toxicity (Pace et al. 

1996; Rowinsky, 1997; Crown and O'Leary, 2000; Theiss and Meller, 2000; Topp et al. 2000). 

Over the past few decades, these inadequate scenarios have pushed extensive research on 

finding more specific and less toxic drugs for cancer. Noscapine, a safe anti-tussive agent, is an 

excellent choice for cancer treatment because of its mechanism of action, which is not detrimental 

to healthy cells (Ye et al. 1996; Zhou et al. 2006). It doesn't significantly alter tubulin's stable 

monomer/polymer ratio over a broad range of concentrations (Ye et al. 1996; Zhou et al. 2003). 

This is a distinct benefit over currently available antimicrotubule medications, which either 

prevent microtubule disassembly (taxanes, epothilone) or tubulin assembly (vincas, eribulin, 

estramustine) and thus do not cause hemo and neuronal toxicity due to its inherent mechanism of 

action. To optimize its anticancer activity, we strategically developed more effective derivatives 

by changing the scaffold structure for therapeutics applications. A battery of noscapinoids has 

already developed, some of which have shown impressive anticancer activity in comparison to 

noscapine (Naik et al. 2011; Naik et al. 2012; Manchukonda et al. 2013; Manchukonda et al. 2014; 

Santoshi et al. 2015; Mahaddalkar et al. 2017). However, complete remission of cancer cells was 

not achieved even at a higher concentration based on in vivo animal study (Zhou et al. 2003; A
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2006). Therefore, new treatment modalities such as combination therapy could be beneficial for 

breast cancer.

            The combination therapy of anti-microtubule agents is an undiscovered source of 

chemotherapeutic resources. Presence of multiple drug binding sites on the tubulin, suggests   that 

a reasonable combination of two or more drugs of this class may increase the efficacy of 

anticancer drugs and diminish toxic side effects, thereby improving the therapeutic index. In this 

study, we approach to evaluate the combined effect of N-3-Br-Benzyl-noscapine and docetaxel 

towards better anticancer activity. The drug combination significantly reduces the cancer cell 

growth (sum FIC <1), which shows the synergism between N-3-Br-Benzyl-noscapine and 

docetaxel in their anticancer activity.

Materials and methods

A. Molecular modeling evaluation of N-3-Br-Benzyl Noscapine as tubulin binding agent and 

having combination effect with docetaxel

(a) Ligand preparation

The molecular structure of Br-Bn-Nos and docetaxel (DOX) were built using maestro 

molecular builder (Schrodinger). The constructed structures were energy minimized using 

Macromodel (version 17.4, Schrodinger) and OPLS 2005 force field. A PRCG algorithm with 

1000 steps and an energy gradient of 0.001 was used for energy minimization. Using Ligprep, a 

suitable bond order was allocated to each ligand. In addition, the ligands were DFT optimized 

using Jaguar (version 17.4, Schrödinger, LLC) applying Becke's three-parameter exchange 

potential and the Lee-Yang-Parr correlation functional (B3LYP) (Lee et al. 1988; Becke, 1993) 

with a basis set 3-21G*(Binkley et al. 1980; Gordon et al. 1982). The various conformations of the 

molecules were generated using Ligprep (Schrodinger). 

(b) Protein preparation

The co-crystal structure of amino-noscapine and tubulin (PDB ID: 6Y6D, resolution 2.20 

Å) (Oliva et al. 2020) was used for the molecular docking and predicting the binding affinity of 

Br-Bn-Nos and DOX. The hydrogen atoms were added and the protein structure was prepared 

based on the multistep procedure of the protein preparation wizard (Schrodinger). Briefly, it 

involves minimization of added hydrogen atoms and optimization of hydrogen bonding networks. 

Further, refinement of the structure was achieved by molecular dynamic simulation of 100 ns A
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using GROMACS 5.1.5 with similar parameters setting as reported earlier (Santoshi and Naik, 

2014).

(c) Molecular docking

The various conformations of Br-Bn-Nos generated above were docked onto the 

noscapinoids binding site (Oliva et al. 2020) at the interface of αβ-tubulin heterodimer (PDB ID: 

6Y6D) prepared above. The binding site was specified by creating two grid boxes around it. An 

inner grid box of size 14Å x 14Å x 14Å was defined at the centroid of the noscapinoids binding 

site by selecting the co-complex ligand, amino-noscapine using the Glide grid-receptor generation 

program. This box defines the search space in which the diameter midpoint of each docked ligand 

is required to be present. Further, an outer grid box was also defined with a size of ≤ 24 Å of the 

co-complexed ligand, amino noscapine. It defines the volume within which all ligand atoms of a 

valid pose must be located. Similarly, the various conformations of the DOX generated above 

were docked onto the paclitaxel binding site of tubulin reported earlier (Nogales et al. 1998; 

Synder et al.2000; Canales et al. 2011; Winefield et al.2008). We have used the published co-

crystal structure of paclitaxel-tubulin (PDB ID: 1TUB) (Nogales et al. 1998) to extract the binding 

site amino acids and their coordinates and mapped onto the above prepared protein structure using 

SiteMap (Schrodinger software package) to define the taxotere binding site. Further, this binding 

site was specified in the docking of DOX by creating two grid boxes using the grid receptor 

generation program (Schrodinger software package). An inner grid box of size 14Å x 14Å x 14Å 

was created at the centroid of the taxotere binding site to define the search space in which the 

diameter midpoint of each docked ligand is required to be present. Further, an outer grid box with 

a size of 20Å x 20Å x 20Å was defined within which all ligand atoms of a valid pose must be 

located. For the molecule docking of Br-Bn-Nos and DOX onto their respective sites we have used 

Glide-XP algorithm (Halgren et al. 2004) using Schrodinger package and evaluated their binding 

poses using Glide XPScore function (Friesner et al. 2004; Halgren et al. 2004). Three cycles of 

molecular docking were performed to elucidate their binding affinity in single as well as in their 

combination. In the first cycle, both the ligands were docked individually into their respective 

binding site. In the second cycle, to the co-complex of Br-Bn-Nos and tubulin, DOX was docked 

to determine the combined effect of DOX with Br-Bn-Nos. Similarly, in the third cycle, to the co-

complex of DOX and tubulin, Br-Bn-Nos was docked to determine its combination effect with A
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docetaxel. For the ligand docking method, the scale factor of 0.4 for van der Waals radii was 

implemented to protein atoms with exact partial charges less than or equal to 0.25. Out of the 

10000 poses sampled, 1000 were extracted by minimization (conjugate gradients) and favorable 

Glide docking performance was further evaluated by 30 structures with the lowest energy 

conformation. The single best conformation for each ligand was used for further analysis.

(d) Molecular dynamics simulation

The docked complex of (a) Br-Bn-Nos with tubulin, (b) DOX with tubulin, (c) both Br-Bn-

Nos and DOX in combination with tubulin, and (d) the tubulin only was considered for the MD 

simulation using Amber 16 (Case et al. 2016). The parameters for both the ligands including DOX 

and Br-Bn-Nos along with GTP and GDP were calculated using Amber 16 software Antechamber 

system (Wang et al. 2006). All charges for atomic points were determined using the charging 

model AM1-BCC (Jakalian et al. 2002). In Amber16, topologies and internal coordinates were 

created for all complexes using tleap programme. Missing hydrogen was added, and Protein and 

Ligand parameters were assigned using FF14SB and GAFF force fields, respectively (Maier et al. 

2015). TIP3P water model in a truncated octahedron at 12 Å distance between the protein atoms 

and the wall of the box (Jorgensen et al. 1983) was added with dissolved counter ions to neutralize 

the system. Once the topologies and internal coordinates for all complexes have been obtained, 

three rounds of minimization have been carried out for each complex in order to relax the system. 

Position constraints of 10 kcal/Å2 and 2 kcal/Å2 have been imposed on the protein system for the 

first and second rounds, respectively, to relax the water molecules around the protein. In the third 

round, no restrictions were imposed. After removal of bad contacts through minimization, all four 

molecular systems were balanced at 300 K and 1 atm at 500 ps. The balanced systems were then 

run at 100 ns each with a time step of 2 fs. The cut-off for non-bonded interaction was 10 Å during 

simulations, electrostatics was measured using Particle Mesh Ewald (PME) and bonds were 

restricted using shake algorithm (Ryckaert et al. 1977; Darden et al. 1993; Essmann et al. 1995). 

The simulation temperature was regulated with the Langevin thermostat. Coordinates for each 

molecular system were written every 20 ps. 

(e) Predicted free energy of binding using MM-GBSA and MM-PBSA

The predicted free energy of binding (ΔGbind,pred) of Br-Bn-Nos and DOX in their single 

binding and in co-binding with tubulin was determined as the ensemble average of the binding 

free energy of a total of 250 snapshots from the last 5 ns of the MD simulation trajectory of their 

respective molecular systems. We have used molecular mechanics generalized Born solvation area A
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(MM-GBSA) and molecular mechanics Poisson Boltzmann solvation area (MM-PBSA) methods 

(Kollman et al. 2000; Massova and Kollman, 2000) to obtain ΔGbind,pred as explained below:

ΔGbind,pred = ΔGcomplex – [ΔGRec + ΔGlig]

G = Egas +Gsol -TS.

Egas = Eint +Eele +Evdw

Gsol = GPB(GB) + Gsol-np

Gsol-np= γSAS

Where, G is Gibbs free energy, Egas is the gas phase energy calculated as the sum of internal 

energy (Eint), energy generated as a result of the electrostatic interaction (Eele) and the van der 

Waals interaction (Evdw). Gsol is the solvation free energy calculated as the sum of polar (GPB(GB)) 

and nonpolar contributions (Gsol-np). Polar interaction contribution (GPB(GB)) was calculated as the 

summation of electrostatic contribution (Eele) and polar solvation contribution (GPB(GB)). The 

nonpolar solvation contribution (Gsol-np) is approximated as linearly dependent on the solvent 

accessible surface area (SAS) and γ is the surface tension constant that was set to 0.0072 kcal 

mol−1 Å −2 (Massova and Kollman, 2000). 

B. Biology

(a) Cell lines and Chemicals

Noscapine and docetaxel were purchased from Sigma. The novel derivative of noscapine, 

Br-Bn-Nos was chemically synthesized by reaction scheme mentioned below (Manchukonda et 

al., 2013) and HPLC purified (purity > 96%). The human breast cancer cell line MCF-7 was 

acquired from the cell registry of the National Centre for Cell Science in Pune, Maharashtra, India. 

All the chemical reagents and media used for cell culture were obtained from Mediatech, Cellgro. 

The cells were grown in a 5% CO2 and 95% humidity in Dulbecco's modified Eagle medium 

(DMEM, Pan Biotech) at a favorable temperature of 37 °C, supplemented with 10 % fetal bovine 

serum (FBS) and antibiotics. For bioassays using trypsin-EDTA (0.25%), having a confluence 

with 70-80 % cells were sub cultured. Cell at 70-80% confluence was sub-cultured using trypsin-

EDTA (0.25%) for assays.
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Reaction Scheme: Synthesis of N-3-Br benzyl noscapine: (i) a: m-CPBA, DCM; b: 2N HCl; C: 

FeSO4.7H2O; (ii) 3-Bromo benzyl bromide, KI, K2CO3, Acetone, RT, 97%.

(b) Cell viability assay

The cell proliferation analysis was conducted in 96-well plates using a human breast 

cancer cell line, MCF-7 at a density of 3 X 103 cells/well. The assay was performed with Br-Bn-

Nos at variable concentrations of 5, 10, 25, and 50 µM. Similarly, the cells were incubated with 

DOX at a variable concentration of 0.001, 0.01, 0.1 and 1 µM. After 24 h and 48 h of treatment, 

the viability of the cell was checked by 3-(4, 5-dimethylthiazol-2-yl)-2, 5, ditetrazolium bromide 

(MTT) assay. The plate was read at a wavelength of 570 nm in a (Varioskan, Thermo Scientific) 

flash multimode reader. Fifty percent inhibitory concentration (IC50) of tested drugs was obtained 

by transferring the data into a graphic program (e.g., Excel) and expressed as a percentage of the 

untreated controls and then evaluated by Logit regression analysis using a pre-programmed excel 

spreadsheet obtained from MMV group at Swiss Tropical Institute, Basel, Switzerland (Pandey et 

al. 2016).  

(c) In vitro interaction of N-3-Br-Benzyl-noscapine and docetaxel

The cells were treated with a combination regimen of both Br-Bn-Nos and DOX by taking 

variable concentrations (50 µM Br-Bn-Nos+0.001µM DOX, 25 µM Br-Bn-Nos+0.01 µM DOX, 

10 µM Br-Bn-Nos+0.1 µM DOX and 5 µM Br-Bn-Nos+1 µM DOX) directly onto the medium 

after 12h of cell attachment. The first and the last of these preparations had either Br-Bn-Nos or 

DOX alone. The cancer cells, MCF-7 at a density of 3 X 103 cells/well were exposed for 48 h and 

72 h to these dilutions followed by MTT assay. The IC50 was determined by logit regression 

analysis. The fractional inhibitory concentration (FIC) was interpreted by the following formula:

𝐹𝐼𝐶 =  
𝐶𝑜𝑛𝑐.𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑡𝑜 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 𝐼𝐶50

𝐶𝑜𝑛𝑐.  𝑜𝑓 𝑑𝑟𝑢𝑔 𝑎𝑙𝑜𝑛𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒 𝑡𝑜 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 𝐼𝐶50

The sum FIC value for each of the preparations determined by the following formula was used to 

classify the drug–drug interaction.

𝑆𝑢𝑚 𝐹𝐼𝐶 =  
 𝐼𝐶50 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐴 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛

𝐼𝐶50 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐴 𝑎𝑙𝑜𝑛𝑒 +  
 𝐼𝐶50 𝑑𝑟𝑢𝑔 𝐵 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛

 𝐼𝐶50 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐵 𝑎𝑙𝑜𝑛𝑒

Sum FIC < 0.5 represents substantial synergism, sum FIC < 1 represents synergism, sum FIC = 1 

represents additive interaction, sum FIC ≥ 1 represents antagonism. An Isobologram was plotted 

to show the drug interaction as per the method proposed earlier (Pandey et al. 2016). 

(d) Cell cycle analysisA
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

In Dulbecco's Modification of Eagle's Medium (DMEM), MCF7 cells were cultivated with 

4.5 g/l glucose and L-glutamine, supplemented by 10% bovine fetal serum and 1% 

penicillin/streptomycin. MCF-7 cells (1X105) were seeded in a 6-well culture plate overnight and 

then treated with the indicated concentration of Br-Bn-Nos (20 μm) and DOX alone (0.1 μm) and 

combination regimen (25 μm Br-Bn-Nos+0.01 μm DOX). Staining solution RNase (5µg/ml), 

propidium iodide (5 µg/ml) and Triton X (0.1%) were used to determine the cell cycle phase and 

analyzed by flow cytometer (FACS Calibur) to estimate the percentage of cells in the different 

stages of the cell cycle.  The experiment was performed in triplicates. 

(e) Annexin V apoptosis assay

Choline phospholipids, like the phosphatidylcholine and sphingomyelin (PS), are subjected 

on the outer leaflet throughout apoptosis, whereas amino phospholipids (phosphatidylserine, 

phosphatidylethanolamine) are only found on the cytoplasmic edge of the lipid bilayer. Detection 

of PS by fluorochrome-tagged 36 KDa anticoagulant protein Annexin V allows for accurate 

estimation of apoptotic incidence. MCF-7 cells (5 X 104) were treated with Br-Bn-Nos (20 μm), 

DOX (0.1 μm) or in their combination regimen (25 μm Br-Bn-Nos+0.01 μm DOX) for apoptosis 

study using the Annexin V (BD Pharmingen, San Diego, CA, USA) binding assay according to the 

manufacturer’s instructions. The cells were then analyzed using the BD FACS Calibur (San Jose, 

CA, USA).

(f) Tubulin purification

Two cycles of temperature- and GTP-dependent polymerization and depolymerization in 

the presence of 1 M glutamate were used to isolate microtubules from the goat brain (Hamel and 

Lin, 1981). Purified tubulin was extracted from the microtubule proteins by phosphocellulose 

chromatography based on the methods and procedures discussed earlier (Panda et al. 2000; Joshi 

and Zohu, 2001) and the amount of purified tubulin was estimated using the Bradford method as 

well as by SDS PAGE (Bradford, 1976). Aliquots were frozen in liquid nitrogen and preserved at -

80 degrees Celsius until required. 

(g) Tryptophan fluorescence quenching assay with purified tubulin

Tubulin (2 µM) was treated with desired concentrations of Br-Bn-Nos (20 μM and 50 μM), 

DOX (0.1 μM) and in combination regimen (DOX 0.01 μM+Br-Bn-Nos 25 μM) in a water bath 

(35 °C; 45 min). They were then excited at 295 nm and the emission reading at 310–400 nm was A
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obtained. A FlouroMax® 4 spectrofuorometer (Horiba Scientifc, Edison, NJ) supported by 

FluorEssence 3.5 software was used for the spectrofluorimetric titrations.

(h) ANS binding assay with purified tubulin

Fluorescence probe 8-anilino-1-napththalene sulfonate (ANS) is mostly used for the 

detection and analysis of conformational changes in proteins. Tubulin (2 µM) was incubated with 

25 μM concentrations of Br-Bn-Nos, 0.1 μM concentration of DOX and in their combination 

regimen (DOX 0.01 μM+Br-Bn-Nos 25 μM) for 30 min at 35 °C in PEM buffer. ANS (50 µM) 

was then added to the samples and the samples were incubated in the dark (15 min; 25 °C). After 

the incubation, they were excited at 350 nm and the emission spectra were taken at 410–470 nm 

using a Flourolog 3 spectrofluorometer (Horiba Scientific, Edition, NJ) assisted by fluorescence 

3.5 software. The assays were repeated two times.

Results 

In a quest of increasing the anticancer activity of the noscapine, the –NCH3 group of 

isoquinoline ring has been substituted with various functional groups based on in silico 

combinatorial approach and screened out potent derivatives for chemical synthesis and 

experimental evaluation (Manchukonda et al. 2013). Many of these derivatives have shown 

anticancer activity at a lower concentration compared to noscapine. One of such derivative, N-3-

Br-Benzyl noscapine has revealed higher tubulin binding affinity compared to noscapine 

(Manchukonda et al. 2013) and showed anti-proliferative activity using MDA-MB-231 breast 

cancer cell line (Cheriyamundath et al. 2019). This derivative of noscapine is different from the 

first generation noscapine derivatives (including 9-Br-noscapine) in which modification have been 

done at C-9 position of the isoquinoline ring (Figure 1A,B). Here in this study, we have used N-3-

Br-Benzyl derivative of noscapine (Figure 1C) to evaluate its combined effect with docetaxel 

towards better therapeutic outcome by minimizing the concentration of docetaxel to preclude its 

side effect. 

B. (a) Molecular modelling 

In order to determine the predictive binding affinity of Br-Bn-Nos and DOX individually 

and in their combination, we have docked them at their respective binding pockets on tubulin in 

three cycles of molecular docking. In the first cycle, DOX and Br-Bn-Nos were docked into their 

respective binding pockets independently. Both Br-Bn-Nos and DOX docked well into their A
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binding site with a docking score of -4.99 and -5.88 kcal/mol respectively (Table 1). In the second 

cycle, the co-complex of tubulin-DOX was taken and Br-Bn-Nos was docked onto its binding site 

to determine the change in docking score in presence of DOX. The docking score of Br-Bn-Nos 

was reduced to -6.03 kcal/mol, indicating improvement in its binding affinity in presence of DOX. 

Similarly in the third cycle, DOX was docked into its binding site in the co-complex of tubulin-Br-

Bn-Nos to determine its change in docking score in presence of Br-Bn-Nos. The presence of Br-

Bn-Nos further reduced the docking score of DOX to -6.54 kcal/mol. The reduced docking score 

in presence of Br-Bn-Nos and DOX together indicated the combined effect of both the ligands.

Table 1: Molecular docking results (Glide XPscore) and the relevent energy parameters of Br-Bn-

Nos and DOX in single as well as in combination with tubulin.  

Ligands
Glide XPscore

(kcal/mol)

Glide Evdw

(kcal/mol)

Glide Ecoul

(kcal/mol)

Glide Energy

(kcal/mol)

Br-Bn-Nos -4.99 -31.67 -8.29 -35.97

DOX -5.88 -42.26 -11.96 -50.22

Br-Bn-Nos docked with 

Tubulin_DOX complex
-6.03 -39.07 -5.46 -52.53

DOX docked with Tubulin_ 

Br-Bn-Nos complex         
-6.54    -41.24 -9.23 -59.24                 

(b) MD simulation of the complex

The binding of both Br-Bn-Nos and DOX with tubulin were evaluated independently (Tub-

Br-Bn-Nos and Tub-DOX complexes) as well as in combination with tubulin (Tub-DOX+Br-Bn-

Nos) by a molecular dynamic simulation of 100 ns. To analyse the system's stability, the root 

means square deviations (RMSD) of Cα-atoms were computed for all frames over the entire 

duration of simulation (Figure 2). The fluctuation in the RMSD of Cα carbon atoms was very 

small after equilibration and all of the systems were found to be stable after 20 ns of simulation. 

The root mean square fluctuations (RMSF) of Cα-atoms were also measured to see if there were 

any changes in residue flexibilities during the entire duration of MD simulation (Figure 3). The 

residues with higher RMSF tend to show more flexibility. Both Br-Bn-Nos and DOX were found 

to bind with tubulin during the entire duration of the simulation. However, the topmost five 

ligand-tubulin complexes based on the lowest total energy from the MD simulation trajectory were A
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obtained to generate the average structure in order to analyze the binding mode of ligands. Both 

Br-Bn-Nos and DOX were found to accommodate well inside the binding cavity. The Br-Bn-Nos 

docked well at the interface of α- and β- tubulin, whereas the binding of DOX is biased more 

towards β-tubulin (Figure 4a, b). Their binding mode with the tubulin was represented by ligplots 

in single as well as in combination (Figure 5a-d). The binding site amino acids involved in the 

binding of Br-Bn-Nos independently and in the presence of DOX were found albite different, 

which may be due to the change in conformation of tubulin in presence of DOX. None of the 

binding site amino acids were involved in hydrogen bonding with the Br-Bn-Nos when it was 

docked individually onto tubulin (Figure 5a). In contrast, the binding site amino acids Asp 357(D), 

Cys 356(D), Cys 241(D), and Gln 247(D) were involved in making 6 hydrogen bonding with Br-

Bn-Nos in presence of DOX (Figure 5b). Parenthetically, the binding site amino acids Arg 278(D) 

and Arg 284(D) are involved in 2 hydrogen bonding with DOX when it was docked individually 

onto tubulin (Figure 5c). In contrast, the binding site amino acids Gly 370(D), Arg 278(D), Arg 

284(D), and Gln 281(D) are involved in making 9 hydrogen bonds with DOX in presence of Br-

Bn-Nos (Figure 5d). 

(c) Calculated free energy of binding of Br-Bn-Nos and DOX with tubulin

The free energy of binding and its respective components of both Br-Bn-Nos and DOX 

with tubulin were calculated independently as well as in combination and presented in Table 2. 

The last 250 frames from the last 5 ns of trajectory were considered to calculate the ensemble 

average of the free energy of binding using both MM-GBSA and MM-PBSA methods. The free 

energy of binding for Br-Bn-Nos and DOX with tubulin was found to be -28.89 and -36.07 

kcal/mol based on MM-GBSA as well as -26.21 and -34.65 kcal/mol based on MM-PBSA, 

respectively. Further, the free energy of binding of Br-Bn-Nos was reduced to -33.02 and -30.24 

kcal/mol using MM-GBSA and MM-PBSA calculation when DOX was present on its binding 

pocket, indicating combination effect of both the ligands. Parenthetically, the free energy of 

binding of DOX was reduced to -37.17 and -32.80 kcal/mol using MM-GBSA and MM-PBSA, 

respectively when Br-Bn-Nos was present in binding tubulin. For all complexes, the binding 

energy was decomposed into its various energy components (the electrostatic, van der Waals, and 

solvation). Both van der Waals (ΔEVDW) and the electrostatic component (ΔEELE) were observed to 

make very significant contributions to the free energy of binding. However, the net polar 

contribution (ΔG(ele,PB/GB) = ΔEele + ΔG(PB/GB)) was rendered unfavorable due to very large penalty A
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imposed by the desolvation component (ΔGPB/GB) while the net nonpolar component (ΔEvdw) and 

(ΔGsol-np) were observed to make a highly favourable contribution to the free energy of binding.

Table 2: Predicted free energy of binding (∆Gbind,pred) and its various componentes (kcal/mol) of 

Br-Bn-Nos and DOX in single as well as in combination binding with tubulin. The values in bold 

represent the (∆Gbind,pred of molecules with tubulin based on MM-GBSA and MM-PBSA methods.

Energy 

Component
Br-Bn-Nos Dox

Tub_DOX+

Br-Bn-Nos

Tub_Br-Bn-Nos+

DOX

ΔEVDW -31.61 -42.26 -41.24 -39.07

ΔEELE -286.66 -21.21 -303.55 -30.00

ΔEGAS -333.46 -57.26 -348.88 -65.40

ΔGGB-Polar 308.85 39.70 307.49 32.98

ΔGSOL-NP -3.62 -4.61 -3.69 -4.65

ΔGSOL-GB 279.35 29.19 323.90 31.03

ΔGbind-GBSA -28.89 -36.07 -33.02 -37.17

ΔGPB 323.16 30.62 335.94 36.69

ΔGSOL-NP -3.54 -4.51 -3.36 -4.29

ΔGSOL-PB 279.22 29.61 320.48 33.69

ΔGbind-PBSA -26.21 -34.65 -30.24 -32.80

B. Biology

(a) Inhibition of cellular proliferation

The Br-Bn-Nos inhibited proliferation of MCF-7 cells in a dose-dependent manner with 

IC50 values of 11.5 μM and 7.71 μM respectively at 48 h and 72 h (Figure 6a). Similarly, the DOX 

showed IC50 values of 0.39 μM and 0.016 μM against MCF-7 cells respectively at 48 h and 72 h 

(Figure 6b). In order to minimize the toxicity of DOX and to enhance the antiproliferative efficacy 

we have examined the antiproliferative activity with a combination of a lower concentration of 

DOX and a higher concentration of Br-Bn-Nos. Approximately, 50% inhibition of cellular 

proliferation was achieved in a combination regimen of Br-Bn-Nos (5 µM) and DOX (1µM) after 

48 h and 72 h post-treatment (Figure 6c). Further, the interaction of both the agents has been 

analyzed on the basis of their sum FICs and isobologram plot (Figure 7). The sum FICs value was 

found to be 0.49 and 0.62 respectively at 48 h and 72 h. The isobologram of N-3-Br-Benzyl-A
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noscapine with docetaxel suggests that the combination has synergistic antiproliferative activity 

both at 48 h and 72 h exposure (sum FIC <1).

(b) Cell cycle effect

Both noscapinoids and docetaxel have been reported to bind tubulin and inhibit the cell 

cycle progression at G2/M phase, followed by induction of apoptosis to cancer cells (Ye et al. 

1998; Dash et al. 2020). We examined the inhibition in cell cycle progression of MCF-7 cells with 

the treatment of Br-Bn-Nos and DOX in single as well as in combination regimens. The cells were 

treated with 20 μM of Br-Bn-Nos and 0.1 μM of DOX in the single regimen, whereas 25 μM Br-

Bn-Nos+0.01 μM DOX for the combination regimen. The cell cycle distribution was evaluated via 

flow cytometric analysis. The presence of 2N DNA indicates that the cells are in the G1 phase, 

while the accumulation of duplicated 4N DNA indicates that the cells are in G2 and M phases. 

Accumulation of DNA in between 2N and 4N peaks represent, the cells are in the S phase. In 

contrast, less than 2N DNA indicates the apoptotic cells in which the DNA is degraded to different 

extents (sub-G1 phase). As shown in Figure 8, there is a high accumulation of cells in the G2/M 

phase. In contrast to the G2/M phase block, cells with sub-G1 phase were found to increase 

compared to the control after 48 h of treatment in single and in a combination regimen. The sub-

G1 population with the treatment of Br-Bn-Nos was increased to 15.4%, whereas with DOX it was 

increased to 16.1% and in combination, it further increased to 23.2% in comparison to control. 

The combined effect of both Br-Bn-Nos and DOX on cell cycle progression could be useful for 

the induction of apoptosis. 

(c) Induction of apoptosis

Induction of apoptosis to MCF-7 cells was investigated using PE Annexin V and 7-AAD 

apoptosis kit. The representative dot-plots illustrating apoptotic status was shown in Figure 9. The 

percentage of apoptotic cells (early apoptotic and late apoptotic cells) treated with Br-Bn-Nos (25 

μm) + DOX (0.01 μm) was 24.1% and 20.3%, which was significantly high compared to single 

regimen treatment with 20 μm of Br-Bn-Nos (11.0 % and 3.73 %) or 0.1 μm of DOX (10.9 % and 

3.80 %) respectively after 48h in comparison to controlled untreated cells. This study 

demonstrated that the proposed combination effect of Br-Bn-Nos and DOX would not only 

potentially induced apoptosis to the cancer cell, but also provide a promising prospect of order to 

reduce the toxicity of DOX. 

(c) Both Br-Bn-Nos and DOX bind tubulin in single and in combination regimen A
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In order to experimentally validate our findings based on molecular modelling study with 

respect to the tubulin-binding affinity of Br-Bn-Nos and DOX in single as well as in their 

combination, we determined the quenching of fluorescence intensity of tubulin with the treatment 

of both the agents in single as well as in combination regimen. Due to the presence of the aromatic 

amino acid tryptophan, the tubulin is autofluorescence in nature. Any chemical compounds that 

bind with tubulin and alter its conformation leads to a decrease in its intrinsic fluorescence. The 

relative percentage of decrease in fluorescence intensity was 31.01% with the treatment of 25 µM 

of Br-Bn-Nos and 58% with the treatment of 0.1 µM of DOX, suggesting that both the agents bind 

to tubulin with different affinity. Further, the fluorescent intensity of tubulin was reduced to a 

higher value of 68% with the combination treatment of Br-Bn-Nos (25µM) and DOX (0.1µM) 

(Figure 10). Significant reduction in tubulin fluorescence intensity in the combination regimen of 

Br-Bn-Nos and DOX indicate co-binding of both the ligands with tubulin.

 (d) Effect of Br-Bn-Nos and DOX on conformational changes of tubulin 

In order to further investigate the structural changes on tubulin due to binding of Br-Bn-

Nos and DOX in single as well as in combination regimen, we probed the tertiary structure of the 

protein using an ANS-binding assay. ANS is a fluorescent probe, whose fluorescence improves 

when attached to protein. ANS, when bound to hydrophobic patches on proteins, shows enhanced 

fluorescence. An increase in ANS fluorescence of tubulin suggests a loss of protein structural 

integrity. Purified tubulin with the treatment of Br-Bn-Nos (25μM) and DOX (0.1 μM) showed an 

increase in tubulin-ANS fluorescence intensity (Figure 11). It displayed a 29.8% increase in 

fluorescence intensity at 25 µM Br-Bn-Nos, and 40.39% in presence of DOX (0.1 µM) compared 

to unbound tubulin. Similarly, in combination treatment with Br-Bn-Nos (25 μM) and DOX (0.1 

μM) the tubulin-ANS fluorescence intensity was further increased to 57.50% respectively, 

indicating a gradual incremental perturbation of the structural integrity of the tubulin by the 

binding of both the agents together.

Discussion

Poor clinical prospects of the current chemotherapy have triggered the development of new 

treatment modalities such as combination therapy for breast cancer. It is becoming well-

appreciated that a toxic drug at its maximum tolerated dose given intermittently is not necessarily 

better and there exists an opportunity to reduce its dose levels by using combination regimens of 

drugs that display synergistic interactions (Jordan and Wilson, 2004). The presence of diverse A
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drug binding sites on tubulin suggests that rational combination of two or more drugs of anti-

microbial therapy might be able to enhance the anti-cancer efficacy and reduce toxic side effects, 

thereby improving the therapeutic index. Tubulin binding drugs such as taxanes and vinca 

alkaloids are the most efficient anticancer agents for breast cancer treatment (Chougule et 

al.2011). However, due to the emergence of drug resistance and the subsequent serious side 

effects, their therapeutic utility is limited (Doddapaneni et al. 2016). In contrast, noscapine, a less 

toxic orally administered antimicrotubular agent, clearly indicates antitumor activity in vitro and 

in vivo against a number of cancers (Laden et al. 2002; Zohu et al.2002; Zhou et al. 2006). 

Therefore, to decrease the severe side effects of docetaxel and increase its anti-cancer 

effectiveness we adopt a combination treatment with one of the derivatives of noscapine i.e. Br-

Bn-Nos. Similar studies have been conducted previously to demonstrate the combination effect of 

DOX and other anticancer agents for better therapeutic efficacy (Dash et al. 2020; Galsky and 

Vogelzang, 2010; Fisusi and Akala, 2019). 

In this study, we have demonstrated the combined effect of Br-Bn-Nos and DOX based on 

molecular modeling and cellular study. Molecular docking of Br-Bn-Nos and DOX, individually, 

revealed a docking score of -4.99 kcal/mol and -5.88 kcal/mol respectively. However, the docking 

score of Br-Bn-Nos was significantly reduced (-6.03 kcal/mol) when it was docked onto a co-

complex of tubulin-DOX and similarly docking score of DOX was reduced to a greater extent (-

6.54 kcal/mol) when it was docked onto a co-complex of tubulin-Br-Bn-Nos, indicating co-

binding of both the agents simultaneously to tubulin at two different binding pockets. Further, the 

significant reduction in free energy of binding based on MD simulation in combination with MM-

GBSA and MM-PBSA calculation in presence of Br-Bn-Nos and DOX together compared to their 

individual binding with tubulin indicated a combination effect of both the ligands. The result 

obtained from theoretical prediction was validated through experiments by tubulin-binding assay 

and tubulin-ANS binding assay. Combination treatment of Br-Bn-Nos and DOX reduced the 

fluorescence intensity of tubulin to a higher value compared to their single regimen treatment, 

indicating the combined effect of both the agents. Similarly, a significant increase in fluorescent 

intensity of tubulin-ANS with the treatment of Br-Bn-Nos and DOX in combination regimen 

compared to single regimen treatment suggest co-binding of both the agents to tubulin. The 

combined effect of both Br-Bn-Nos and Dox was also revealed from the cellular study using the 

MCF-7 cancer cell line. Combination treatment of Br-Bn-Nos and DOX was found to be more 

effective in inhibiting cellular proliferation, blocking of cell cycle progression and induction of A
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apoptosis compared to single-drug treatment. Further, the isobologram analysis (sum FIC <1) of 

docetaxel with Br-Bn-Nos indicate significant synergism at 48 h and 72 h exposures. 

In conclusion all these results taken together established a proof-of-concept that a rational 

combination of Br-Bn-Nos and DOX could generate synergistic effects on cancer treatment, which 

is a highly promising and novel approach for the treatment of breast cancer. Further studies need 

to be conducted to better understand the growth inhibition molecular mechanism in the combined 

treatment of breast cancer cells.
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Legends of Figures

Figure 1: Structures of the (A) first generation noscapinoids that identifies the 9th position 

modification in the noscapine scaffold, (B) molecular structure of the 9-Br-Noscapine and (C) N-

3-Br Benzyl Noscapine. 

Figure 2: Root mean square deviations (RMSD) of Cα carbon atoms of tubulin only and in 

complex with Br-Bn-Nos (Tubulin+ Br-Bn-Nos), with docetaxel (Tubulin+DOX) and with both 

docetaxel and Br-Bn-Nos (Tubulin+DOX+Br-Bn-Nos) during 100 ns of MD simulation. The 

relative fluctuation in the RMSD of the Cα atoms is very small after ~ 20 ns of the simulation. The 

time step of 20 ps was used during the simulation. The topmost 5 frames from the MD simulation 

trajectory with lowest total energy were considered to generate the average structure. 

Figure 3: Root mean square fluctuation (RMSF) of the residues of tubulin of the docked ligands 

in the bound form and in the unbound form of tubulin heterodimer. Different levels of flexibility 

of these residues were noticed in the bound form of tubulin with Br-Bn-Nos and DOX in single as 

well as in combination. Most of the residues showed flexibilities >5 Å in case of tubulin bound 

with Br-Bn-Nos and DOX as compared to the free tubulin heterodimer, indicating that these 

residues seem to be more flexible as a result of binding. 

Figure 4. (a) Both Br-Bn-Nos and DOX are well accomodated inside their respective binding site 

of tubulin. (b) Snapshot of both the ligands obtained. The binding site is represented as A
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macromodel surface according to α- and β- tubulin (α-tubulin is represented in blue colour and β-

tubulin is represented in brown colour). 

Figure 5.  The ligplot analysis showing the binding mode of (a) Br-Bn-Nos with tubulin, (b) Br-

Bn-Nos with the co-complex of Tubulin-DOX, (c) DOX with tubulin, and (d) DOX with the co-

omplex of tubulin-Br-Bn-Nos. The binding mode of Br-Bn-Nos was different when docked to 

tubulin and to the co-complex of tubulin-DOX, in which different number of hydrogen bondings 

were involved with the binding site amino acids. Similarly, the binding mode of DOX was also 

different when docked to tubulin and to the co-complex of tubulin-Br-Bn-Nos, in which different 

number of hydrogen bonding involved with the binding site amino acids. The hydrogen bonds 

formed (if any) are represented as dotted lines and the value represents the bond distance. 

Figure 6. Br-Bn-Nos and DOX in single as well as in combination regimen at different 

concentrations inhibit cellular proliferation of human breast cancer cell, MCF-7 after 48 h and 72 

h treatment. The IC50 value amounted to 11.5 µM and 7.71 µM, respectively for 48h and 72h with 

Br-Bn-Nos. Similarly, the IC50 value amounted to 0.39 µM and 0.016 µM, respectively for 48h 

and 72h with DOX. In contrast, approximately 50% inhibition of cellular inhibition was achieved 

in a combination regimen of Br-Bn-Nos (5µM) and DOX (0.001µM) after 48 h and 72 h post-

treatment. 

Figure 7. Isobolograms showing in vitro interactions between Br-Bn-Nos and DOX. Sum FIC < 

0.5 represents substantial synergism, sum FIC < 1 represents synergism, sum FIC = 1 represents 

additive interaction, and sum FIC >1 represents antagonism between two drugs.

Figure 8. Figure A-D depict represented figures of analyses of cell cycle distribution in a two-

dimensional disposition as determined by flow cytometry in MCF-7 cells treated with 20 µM of 

Br-Bn-Nos, 0.1 µM of DOX as single regimen and 25 µM of Br-Bn-Nos + 0.01 µM of DOX in 

combination regimen. Both Br-Bn-Nos and DOX inhibit cell cycle progression at mitosis followed 

by the appearance of a characteristic hypodiploid (sub-G1) DNA peak, indicative of apoptosis. 

Figure 9. Analysis of apoptosis cell death induced by Br-Bn-Nos alone and in combination with 

DOX based on flow cytometric analysis. PE conjugate of Annexin V was used in combination A
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with 7-Amino-Actinomycin (7-AAD) to distinguish among 3 subpopulations: PE-- and 7-AAD -- 

population indicates viable cells (bottom left quadrant); PE -- and 7-AAD + population indicates 

early apoptotic cells (lower right quadrant); PE + and 7-AAD + population indicate late apoptotic 

cells (top right quadrant).

Figure 10. Decrease of fluorescence intensity of tubulin by Br-Bn-Nos and DOX in single as well 

as in combination regimen. Tubulin (2.0 μM) was incubated with Br-Bn-Nos (25 µM) and DOX 

(0.1 µM) alone as well as in combination regimen (25 µM of Br-Bn-Nos and 0.01 µM of DOX) 

and the emission spectra were collected (310 nm – 400 nm). Both Br-Bn-Nos and DOX in single 

as well as in combination regimen showed a concentration-dependent quenching of the intrinsic 

tubulin fluorescence emission intensity indicating the binding of both Br-Bn-Nos and DOX to 

tubulin. The more reduction in tubulin fluorescence intensity in combination regimen of both Br-

Bn-Nos and DOX, compared to their single binding, revealed combination effect with the tubulin. 

The graph is a representative of three independent experiments. 

Figure 11. Enhancement of tubulin-ANS fluorescence by Br-Bn-Nos and DOX in single as well 

as in combination regimen. Tubulin (2.0 µM) was incubated without (control) or with Br-Bn-Nos 

(25 µM), DOX (0.1 µM) and in their combination regimen (Br-Bn-Nos 25 µM+DOX 0.01 µM), 

followed by incubation with ANS (50 µM). The samples were excited at 380 nm and the emission 

spectra were collected (390 to 500 nm). The increase is more in tubulin-ANS fluorescence in 

combination regimen of both Br-Bn-Nos and DOX, compared to their single binding, and revealed 

combination effect with the tubulin. The graph is a representative of three independent 

experiments. 
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