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Abstract 
 

Cancer is a leading cause of death that imposes significant economic and 

social suffering on a global scale. Based on the projected growth and aging of 

populations, the global burden of cancer is set to increase. Despite the vast 

investment in cancer research, the rate of translation of research developments into 

clinical practice and drug discovery is still low, mainly because drug development is 

a lengthy, expensive, and complicated process. Computer-aided, in silico, drug 

discovery is a powerful technology that offers a more effective, cheaper, and faster 

alternative for drug design. Based on the known structure of biomacromolecules and 

small targeting molecules, computational methods employ virtual screening 

techniques for a broad range of applications, from hit identification to lead 

optimization, and to drug target prediction. 

In terms of cancer research, microtubules are a key component of anti-cancer 

drug design approaches. Microtubule dynamics play a critical role during cell 

division making these biopolymers and their subunits superb targets for anti-cancer 

therapy. Diverse chemotherapeutic agents with the potential to target microtubules 

are currently among the most effective group of anticancer drugs available. 

Colchicine is an effective anti-mitotic drug that tightly binds between α, β tubulins 

and inhibits their assembly into microtubules; however, its application as an anti-

cancer drug is limited due to its serious drug interactions and toxicity. Regardless, 
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colchicine, due to its effective antiproliferation activity, has been used as a lead 

compound to generate potential chemotherapeutic drugs with desired 

pharmacological profiles.  

In this thesis, several computational techniques including ab initio quantum 

chemistry calculations, molecular docking, and virtual screening were employed to 

identify libraries of colchicine derivatives with highest binding affinities towards β 

tubulin. Good R2 values of linear regression between the binding affinities and IC50 

values of compounds against different human cancer cell lines including breast 

cancer (MCF7), lung carcinoma (A549), and colon cancer (LoVo) were achieved.  

 Computational studies on the novel derivatives were conducted on different 

groups of colchicine analogues including a group of double-modified 4-

halothiocolchicines derivatives, a series of triple-modified 4-chloro-7-

carbamatethiocolchicines, 4-bromothiocolchicine, and 4-chlorothiocolchicine 

analogues. A library of double-modified carbamate or thiocarbamate derivatives of 

10-demethoxy-10-methylaminocolchicine, 7-deacetyl-10-thiocolchicine, and 4-

iodo-7-deacetyl-10-thiocolchicine were also studied.  

Moreover, a 3D QSAR model was generated that has the ability to predict the 

IC50 values for 70 novel derivatives of colchicine based on their binding affinities. 

The IC50 values of these colchicine analogues were predicted against two commonly-

used cell lines including MCF7 and A549. The chemical structure of a library of 50 
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new compounds and their corresponding in vitro activities (IC50 values) were used 

as input data to construct two models for the cell lines mentioned above. The input 

data was split into training and test sets using a Kohonen map. External independent 

validation was done using 15 independent compounds. Docking was used to estimate 

the binding and electrostatic energies between the colchicine derivatives library and 

βII tubulin. The identified estimates were used as two novel descriptors. The models 

were generated using a commonly used Artificial Neural Network. The generated 

QSAR models showed good performance on the test set for both A549 and MCF7 

cancer cell lines (assessed through the high values of q2 and R2). Besides, it was 

shown that these models had predictive ability and desired generalization on the 

independent validation set of compounds. 

In an effort to discover new chemotherapeutic agents, the mode of action of 

a novel microtubule inhibitor scoulerine, was evaluated using a combination of 

computational approaches. To the best of our knowledge, this is the first time that 

the computational prediction and experimental validation of the molecular mode of 

action of scoulerine as a potential anticancer drug was investigated. Human tubulin 

structures at both free and microtubule states were modeled. Docking of the 

optimized structure of scoulerine was subsequently performed and the highest 

affinity binding sites located in both the free tubulin and in a microtubule were 

identified. Our findings show that binding in the vicinity of the colchicine binding 
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site and near the laulimalide binding site are the most likely locations for scoulerine. 

These computational predictions were confirmed by thermophoresis assays using 

scoulerine and tubulin in both free and polymerized form. These results suggest a 

unique property of a dual mode of action for scoulerine with both microtubule 

stabilization and tubulin polymerization inhibition ability. 
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1.1 Cancer 

Cancer is a multifactorial pathology entailing a complex family of diseases which 

reflects uncontrolled events turning a normal cell into a cancer cell [1–3]. Cancer is a 

leading cause of death globally. According to GLOBOCAN estimates of cancer incidence 

and mortality reported by the International Agency for Research on Cancer, over 19 million 

new cancer cases and nearly 10 million cancer deaths occurred in 2020 [4]. From this, more 

than 220,000 new cases and over 80,000 cancer deaths were reported in 2020 in Canada 

[5]. With an estimated rise of 47% from 2020, the global burden of cancer is projected to 

be 28.4 million cases in 2040 [1]. Besides, it is estimated that within the next three decades, 

nearly 20.5% of all cancer cases will be diagnosed in adults aged 80 and older, where due 

to the complexity of cancer management in aged patients, economic and social impact of 

cancer is expected to grow dramatically worldwide [6]. 

Cancer is characterized by loss of cellular regulation where uncontrolled cell 

proliferation within a certain tissue gives rise to the destructive cancer phenotype [7]. The 

process of cancer forming also known as oncogenesis or tumorigenesis, involves a series 

of abnormal changes in cell machinery that induce unregulated cellular proliferation that 

could generate a progressive and rapid dividing cell type that escapes normal growth 

checkpoints, leading to growing the clones of cells into a tumor [7]. 

Given the higher rate of growth and division of malignant tumor-composing cells 

compared to the normal cells, they are prone to invade the nearby tissues. This invasion 

occurs with no significant change in the proliferation rate of cancer cells, where at 

progressive stages, tumor cells could spread into surrounding tissues and get into the 

circulation system of the body, leading to the establishment of secondary regions of 

proliferation, a process known as metastasis [7]. Once cancer has progressed to a metastatic 

stage, it is much more difficult to treat [8]. 

Conventional cancer treatment approaches include surgery, radiation therapy, 

proton therapy, and chemotherapy. Despite their application in the treatment and 

management of different types of cancer, each of these therapy methods is associated with 

risks that limit their effective use. Surgery is effective in the removal of the clearly localized 

tumor; however, it is location-dependent and is limited, with some complications such as 

the risk of spread of tumor cells into other tissues, high possibility of recurrence, and 
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permanent disfigurement. Despite being a key component of cancer treatment, radiation 

therapy also has various side effects due to indiscriminate destruction of normal cells and 

damage to healthy tissues caused by undesirable energy placement pattern. In 

chemotherapy, the cytotoxic drugs are utilized to kill tumor cells, however, due to the lack 

of targeting, healthy tissues surrounding the tumor are also damaged [9,10]. 

Chemotherapeutic agents are designed to destroy cells having a high rate of proliferation 

and regeneration, however, normal non-tumor cells with rapid proliferating characteristics 

residing in certain tissues such as bone marrow and gastrointestinal tract epithelium are 

damaged as well. Due to this, high levels of toxicity are associated with such treatments 

[11]. 

Cancer research is constantly evolving to discover novel treatment strategies. 

Innovative therapeutic approaches such as photodynamic therapy, photothermal therapy, 

gene therapy, and nanoparticle-based therapy have shown promising potential to treat 

cancer [10]. It is believed that these novel therapeutic strategies combined with traditional 

approaches could greatly improve the overall outcome of cancer treatment [12]. Thus, 

finding new therapeutic agents with specific targeting ability of cancer cells with a reduced 

affinity towards non-tumor cells could more effectively treat different types of cancer [13–

16]. 

 

1.2 Microtubules 

Microtubules (MTs) are a major component of the cytoskeleton which, along with 

two other types of cytoskeletal filaments including microfilaments and intermediate 

filaments, each playing a different role, take part in spatial organization and mechanical 

properties of cells [7,17]. MTs are found in eukaryotic cells and are involved in certain cell 

movements. They direct intracellular transport and play a key role in mitosis, where MTs 

assemble mitotic spindles around chromosomes and segregate them during cell division 

[17]. As MTs play such a critical role in cell division, they are a very suitable target for 

development of chemotherapeutics against rapidly dividing cancer cells [18]. 

MTs are long, hollow cylinder-shaped polymers made of globular tubulin protein. 

A tubulin subunit is a heterodimer of α- and β-tubulin (Figure 1-1). The amino acid 
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sequences of these monomers are highly conserved in all eukaryotic cells and share 40% 

identity [7,19]. Several studies using different techniques such as cryo-electron microscopy 

(cryo-EM) [20,21], electron, and X-ray crystallography [22] have identified the three-

dimensional structures of MTs and tubulins. Atomic coordinates are available in the Protein 

Data Base (PDB) (https://www.rcsb.org/). However, in electron crystallographic data, the 

structure of α- and β-tubulin are not distinguishable beyond a resolution of 6 Å [19, 23]. 

With Cryo-EM the structure of MTs has been obtained with resolutions between 30 Å and 

3.5 Å [20, 21, 24–28]. As of 2020, the majority of the protein structures determined by 

Cryo-EM are at a higher resolution of 3–4 Å [29]. This electron microscopy technique has 

been recently possible to obtain ligand–protein coordinates at near atomic-resolution (2.2 

Å) by cryo-EM [30,31]. However, the best to date Cryo-EM resolutions are approaching 

1.5 Å, [32] making it a fair competitor in resolution in some cases. 

All αβ-tubulin heterodimers are identical, as α- and β-tubulins always combine with 

each other through a specific interfacial surface region. By convention, in each 

heterodimer, the β-tubulin is considered as the ‘top’ unit and α-tubulin as the ‘bottom’ unit, 

Thus, along the longitudinal axis of the MT, the bottom of each α-tubulin molecule 

interacts with the top of the β-tubulin molecule in the adjacent heterodimer (Figure 1-1A) 

[17]. The heterodimers assemble via non-covalent interactions. The approximate size of 

one dimer is 4 nm × 5 nm × 8 nm with a molecular weight of about 100 kDa [33]. 

 

https://www.rcsb.org/
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Figure 1-1. (A) Representative structure of a MT and its tubulin heterodimers. Each MT 

subunit is a heterodimer of α- and β-tubulin monomers that assemble and form MT 

protofilaments. (B) each MT is a hollow cylindrical structure formed from 13 protofilamen. 

(From Cell Biology, Thomas D. Pollard et al., 3rd ed., ISBN 9780323341264, page 596, Reprinted 

with permission from Elsevier). 

 

Tubulin subunits (αβ-heterodimers) form long protofilaments through end-to-end 

interactions, where all subunits have the same orientation. Upon protofilament formation, 

they interact laterally with each other and associate into a curved sheet which eventually 

rolls into an MT. Each MT is composed of 13 parallel-aligned protofilaments (Figure 1-1B) 

[7,17]. 

The head-to-tail assembly of αβ-heterodimers in a protofilament gives an overall 

structural polarity to an MT, and since all protofilaments have the same orientation in the 

MT structure, one end of MT will always be a ring of α-tubulin, whereas the other end will 

be a ring of β-tubulins. Two ends of MT have a different rate of assembly giving rise to a 

complex dynamic behavior in which an MT alternates between growing and shortening 

phases. The two ends of an MT are designated as plus and minus ends where the plus end 

corresponds to the β-tubulin exposed end. The plus end of an MT grows and shortens more 

rapidly. This interchanging behavior of MTs between growth and shortening phases is 

referred to as ‘dynamic instability’. The abrupt transition from the growth phase to 

shortening phase is called ‘catastrophe’, while the change to growth phase is called 

‘rescue’. The growth rate and shortening rates as well as the catastrophe and rescue 

frequencies are the parameters that determine the stability of an MT. In addition to dynamic 

instability, MTs exhibit another dynamic behavior called ‘treadmilling’ where one end 
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grows due to the addition of subunits and one end shrinks at the other end due to the loss 

of subunits [7,34,35].  

 

1.3 The cell cycle and mitosis 

1.3.1 Cell division cycle 

Reproduction of a cell involves an ordered series of events in which the content of 

the parent cell is duplicated and then divides into two daughter cells. This cycle of 

sequential steps of content duplication and division is called the ‘cell cycle’ [36]. The cell 

cycle comprises two distinct phases including interphase and mitotic (M) phase. The M 

phase consists of two main processes, mitosis and cytokinesis. Mitosis is the division of 

the nucleus, and during cytokinesis which generally begins before completion of mitosis, 

the cytoplasm of the cell splits to form two cells. Interphase is the period between one M 

phase and the next. As the duration of the M phase is a small fraction of the total time of 

the cell cycle, a typical mammalian cell spends most of its life in interphase (Figure 1-2) 

[36,37]. 

The cells that have the reproduction ability are highly active during interphase. 

Although no cell division is occurring during interphase, all required materials for cell 

division and growth are synthesised in this time. Interphase comprises the three remaining 

phases of the cell cycle including S phase, G1 phase, and G2 phase. During the S phase (S 

stands for the synthesis) nuclear DNA is replicated indicating that the cell will have a 

duplicated copy of each chromosome which is a necessary pre-requirement for cell 

division. Upon completion of mitosis, cells enter the G1 phase (G stands for gap) which 

continues until the beginning of the S phase. During this interval of time between the end 

of the M phase and starting the S phase, cells grow and synthesize enzymes and proteins 

required for mitosis. The second gap occurs between the completion of the S phase and 

beginning of the M phase called G2 phase. In the G2 phase, cell keeps growing in mass, 

expressing more proteins, and duplicating more cellular organelles which all prepare a cell 

for mitosis. Depending on the cell type and extracellular conditions, the progress of the cell 

cycle could be delayed or even permanently stopped in the G1 phase, a resting phase that 

is called G0 phase [36–38]. 
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Figure 1-2. The four phases of the cell cycle. G1 and G2 phases separate the main events of M 

phase and S phase. G1 phase is the gap between S phase and M phase, and G2 phase is the gap 

between M phase and S phase. M phase consists of two main processes, mitosis and cytokinesis. 

(From Cell Biology, Thomas D. Pollard et al., 3rd ed., ISBN 9780323341264, page 698, Reprinted with 

permission from Elsevier). 

 

1.4 Mitosis 

During mitosis, the replicated chromosomes separate and so after completion of 

cell division, each new daughter cell gets a copy of each chromosome. Mitosis is a 

continuous process that based on the early miscopy studies is divided into five stages: 

prophase, prometaphase, metaphase, anaphase, and telophase. During prophase, long 

chromatin molecules start to condense into short, compact, and disentangled chromosomes, 

where each is composed of two sister chromatids that are linked to each other at a region 

called centromeres. A highly dynamic and complex division machinery called mitotic 

spindle also begins to assemble in prophase. The mitotic spindle is a bipolar assembly of 

MTs, where the minus end of each MT is at the poles of the spindle, and the plus end is 

oriented outwards from each pole (Figure 1-4B) [36,37].  
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Figure 1-3. Schematic diagram of stages of mitosis. At interphase, chromosomes become 

duplicated in S phase. During prophase, chromatins condense into dense mitotic chromosomes. 

At prometaphase, spindle MTs attach to kinetochores of chromosomes, and chromosomes start 

moving towards the midplane. In metaphase, chromosomes are lined up at the equator of the 

spindle. At anaphase, the sister chromosomes separate, and are pulled toward the pole of mitotic 

spindle. At telophase, chromosomes start to decondense and new nuclear envelopes begin to 

assemble around them. (From Cell Biology, Thomas D. Pollard et al., 3rd ed., ISBN 9780323341264, 

page 755, Reprinted with permission from Elsevier). 

 

Prometaphase begins with breaking down the nuclear envelope and progresses with 

the completion of mitotic spindle. The dynamic instability at the plus end is essential for 

MTs forming mitotic spindle apparatus so they could capture the chromosomes. High rate 

of growing and shortening at the plus end, allows them to move into the chromosome-rich 

region of the cell in which these MTs could attach to a multi-protein region on each 

chromosome called kinetochore (Figure 1-4A) [7,17]. 
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Figure 1-4. (A) Schematic structure of sister chromatids that are attached to each other at the 

centromere region. MTs attach to a multi-protein region on each chromatid called kinetochore. 

(B) Orientation of MTs in metaphase. (From Cell Biology, Thomas D. Pollard et al., 3rd ed., ISBN 

9780323341264, pages 758 and 760, Reprinted with permission from Elsevier). 

 

At the metaphase step of mitosis, chromosomes line up at the equator of the spindle 

with MTs attached to their kinetochores. Subsequently, at anaphase, the sister 

chromosomes separate, and each formed daughter chromosome is pulled toward the pole 

of mitotic spindle. Chromosome segregation and pulling towards the poles takes place due 

to two contributing factors: (i) the shrinking of kinetochore-attached MTs at their plus end; 

(ii) two poles of the spindle moving apart from each other. MTs and MT-associated motor 

proteins (kinesins) play the key role in movement of poles and spindle elongation. During 

telophase, while two groups of chromosomes arrive at the poles, they start to decondense 

and new nuclear envelopes begin to assemble around them (Figure 1-3) [7,17,37,39].  

 

1.4.1 Drugs and cell cycle regulation 

Studies investigating the effect of drugs and molecules on polymerization or 

depolymerization of MTs have had a major contribution in finding the role of these 

biopolymers in the cell, and given the critical role played by MTs in mitotic spindle 

assembly, any physical or chemical agents that destabilize the MTs could disrupt mitosis. 

Early studies using MT-destabilizing agents such as colchicine and vinblastine showed that 

cells treated with these drugs entered a state of prolonged mitotic arrest (hours or even 

A                                                           B 
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days) [17,40]. These studies led to the identification of the spindle-assembly checkpoint 

that is a control mechanism monitoring the metaphase-to-anaphase transition [17,41,42]. 

Even if only a single kinetochore of a chromosome fails to property associate with spindle 

MTs, the spindle-assembly checkpoint will prevent entry into anaphase. MT-destabilizing 

drugs can activate this regulatory mechanism resulting in mitosis inhibition [7,43]. 

Due to the essential role of MTs in mitosis, antimitotic agents that disrupt MT 

dynamics play an important role in anticancer drug discovery, where some MT-targeted 

drugs such as paclitaxel (Taxol) and vinblastine have shown effective therapeutic outcomes 

[44,45]. 

  

1.4.2 Anti-microtubular therapeutic agents 

The fragility of cancer cells during division serves as a critical target point in 

chemotherapy. With an established track record of clinical efficacy, classically, MT-

targeting agents (MTAs) play the most reliable role as antimitotic agents [44,46]. MTAs 

are generally classified into two types based on their interaction with MTs or tubulin 

subunits; “MT-stabilizing agents” that stabilize MT polymers, and “MT-destabilizing 

agents” that inhibit MT polymerization. Both MT-stabilizer and MT-destabilizer drugs or 

chemical agents could interfere with MT dynamics and hence inhibit their function in 

mitosis. For example, colchicine acts as an anti-mitotic agent by interacting with tubulin 

subunits that leads to MT depolymerization [47], whereas Taxol binds to MTs and hyper-

stabilizes them leading to inhibition of spindle function and cell death [48]. Thus, MTs 

are superb therapeutic targets for cancer treatment, where through blocking of mitosis, 

drugs activate the spindle-assembly checkpoint that eventually can trigger apoptotic 

tumour cell death [49–53]. MTAs target different binding sites on the tubulin 

heterodimer. The most common binding sites are taxane/epothilone-, vinca alkaloid-, 

colchicine-, and laulimalide-binding sites (Figure 1-5B) [52,54–57]. 
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Figure 1-5. (A) MTA binding sites on tubulin heterodimer. (B) Binding sites and mechanism of 

action of each group of MTAs. ((A) reprinted with permission from Elsevier, Trends in cell biology, 

from [58], Copyright 2018, B reprinted with permission from Springer Nature, Pharmaceutical Research, 

from [57], Copyright 2012). 

 

1.4.3 Laulimalide binding site 

Laulimalide and peloruside A are MT-stabilizing agents that exhibit significant 

cytotoxic effects against a diverse range of cancer cell lines [59,60]. Like the cancer 

chemotherapy drug taxol, both laulimalide and peloruside A stimulate MT polymerization 

leading to mitotic arrest and apoptotic cell death. However, these two compounds have 

several unique characteristics that may provide an advantage over clinically used 

chemotherapy drugs such as Taxol. Compared to Taxol, they are more hydrophilic, which 

eliminates the need for formulation vehicle required to improve the solubility of poorly-

water soluble drugs, thus reducing the toxicity caused by vehicle. Besides, it has been 

shown that Laulimalide and peloruside A are less susceptible than Taxol to multi-drug 

resistance caused by overexpressed drug efflux pump (P-glycoprotein efflux pump) in 

some cancer cells [61–63]. 

High-resolution studies, using X-ray crystallography and cryo-EM have recently 

identified the laulimalide/peloruside A binding site on β-tubulin, which is different from 

the taxane site. The binding pocket of taxane-site ligands located at the luminal side of the 

MT, whereas laulimalide and peloruside A target a pocket on β-tubulin that faces the 

outside of the MT [58,64,65].  

Two β-tubulin loops including H9–H9' and H10–S9, and polar and hydrophobic 

residues of helices H9 and H10 form the laulimalide/peloruside site. This site is located on 

A                                                    B 
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the outer surface of the MT near the lateral interface between protofilaments [58]. Both 

ligands could bind at the interface of two nearby β-tubulin molecules making a lateral 

contact with helix H3 of the juxtaposed tubulin subunit in the neighbouring protofilament, 

thus acting like molecular clamps that strengthen interactions across adjacent 

protofilaments and therefore, preventing MT disassembly [58,64]. In the structure of the 

laulimalide molecule, the C19 side chain, methyl group of C30, and hydroxyl group of C15 

play the key role in its activity (Figure 1-6) [66]. 

 

 

Figure 1-6. Chemical structure of laulimalide. (Reprinted with permission from Elsevier, 

European Journal of Medicinal Chemistry, from [13], Copyright 2018). 
 

 

1.4.4 Colchicine binding site 

Colchicine is the first MT destabilizing agent to be discovered. It is a tricyclic 

alkaloid derived from poisonous meadow saffron Colchicum autumnale L. Colchicine is 

an ancient remedy that still is used today. Therapeutic use of Colchicum autumnale has a 

3000-year-old history, and for many years, as an unapproved drug, colchicine has been 

used to treat gout, pericarditis, familial Mediterranean fever, and Behçet's disease. In 2009, 

colchicine was approved as a monotherapy drug by U.S. Food and Drug Administration 

(FDA) for the treatment of acute gout flares and familial Mediterranean fever [57]. Over 

the past few years, there has been emerging research indicating potential therapeutic 

applications for colchicine in different areas such as oncology, cardiology, immunology, 

and dermatology [67]. For instance, the most recent research on COVID-19 has shown that 

colchicine could reduce the risk of death or hospitalizations in patients with COVID-19 by 

21 percent [68].  
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It has been shown that, compared to normal cells, colchicine is more effective in 

killing cancerous cells, however, its pharmaceutical application for cancer treatment is 

limited by its low therapeutic index due to complications raised from its toxicity in higher 

doses and undesired drug interactions [69,70]. However, due to colchicine’s ability to halt 

mitosis, it is believed that the synthesis of the colchicine analogues could offer effective 

drugs with desired pharmacological profiles for cancer treatment [69,71].  

In terms of MT-binding agents, colchicine-site ligands have probably received the 

most attention in cancer research; however, none of them have made it to the commercial 

phase yet [72]. The first atomic-level description of tubulin in complex with colchicine was 

obtained in 2004, and since then, binding of a wide range of colchicine-site ligands to 

tubulin having various structures and origins (synthetic or natural) has been studied using 

X-ray crystallography [58,73].  

The colchicine site is located close to the intradimer interface between two subunits 

of an αβ-heterodimer where it is mostly buried deep in the intermediate domain of β-tubulin 

[19,73,74]. Upon binding a colchicine domain molecule, the T7 loop, the H7 and H8 α-

helices, and the S8 and S9 strands of β-tubulin all interact with the ligand. These structures 

mostly contribute to the core of the colchicine site and T5 loop of α-tubulin completes the 

colchicine pocket [58,75]. It has been shown that the colchicine-site ligands occupy 

different parts of this site, and based upon this, this site is subdivided into three zones: i) 

zone 2 or the main zone which is a hydrophobic pocket and located at the center of the 

domain (i.e. β-tubulin subunit), ii) zone 1: an accessory pocket near zone 2 that is face the 

α-tubulin subunit interface, iii) zone 3: the second accessory pocket near zone 2 that is 

buried deeper in β-tubulin subunit (Figure 1-7A). The colchicine-site ligands studied so far 

occupy either zones 1 and 2, or zones 2 and 3, and a ligand simultaneously occupying all 

three zones has not yet been identified [58,76,77]. 
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Figure 1-7. (A) Binding modes and mechanism of targeting of ligands targeting colchicine 

site. (B) Upon binding of MT-binding agents to colchicine-site, the curved-to-straight 

conformational transition in αβ-tubulin heterodimer is inhibited which results in MT 

destabilization [58]. (Reprinted with permission from Elsevier, Trends in cell biology, from [58], 

Copyright 2018). 

 

In the ligand-bound state, the hydrophobic contacts between the secondary 

structures of colchicine site and the ligand molecule play the main role. A few polar 

interactions are also involved in this process. During ligand binding, a conformational 

switch occurs in the T7 loop that frees up space for the entering ligand. The tubulin 

heterodimers have a curved-shaped conformation at their free state that upon assembling 

into MT polymer, switches into a straight conformation. This conformational transition 

from curved to straight is associated with movement of intradimer domain intermediating 

α and β subunits, where strands S8 and S9 could get closer to helix H8. Along with this 

conformational change, a translation of helix H7 also occurs that all together results in an 

overall contraction of the colchicine site. Given the role of this conformational transition 

in MT assembly, when a ligand binds to colchicine site, it prevents this curved-to-straight 

conformational change leading to inhibition of MT formation [19,73–75,78]. 
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1.5 Scope and computational methodology 

There is an extensive research effort directed toward the synthesis of modified 

derivatives of colchicine which could be as effective as colchicine with less side effects. 

However, the synthesis protocol of these derivatives is usually very complex, expensive, 

and time-consuming, which makes it very difficult to develop those compounds. Over the 

past three decades, computational-based drug discovery has played a significant role in 

the development of small molecules as therapeutic agents. Besides, computer-aided 

methods could be applied for toxicity prediction and optimization methods, which can 

speed the process and guide the experimental approaches [79].  

In this thesis, we simulated several libraries of colchicine derivatives and studied 

their effects on tubulin and their free energies of binding. We also developed a QSAR 

model to predict the IC50 values of novel derivatives of colchicine based on their binding 

affinities. Moreover, the mode of action of a novel MT inhibitor, scoulerine was 

investigated by a combination of computational approaches. 

In these studies, we employed several computational techniques, including 

similarity-based virtual screening, molecular docking [80], molecular dynamics 

simulations [81–83], ab initio quantum chemistry calculations [84-86], and QSAR 

modelling [87]. 
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2.1 Introduction 

Colchicine isolated from Colchicum autumnale [1]. 1 It is used for the treatment of 

acute gout, familial Mediterranean fever, Behçet's disease, pericarditis, and other medical 

conditions [2-12]. It also acts as an anticancer agent and its mechanism of action is well-

described in the scientific literature and is linked to its ability to inhibit mitosis. 

Specifically, colchicine binds to β-tubulin and forms complexes with tubulin dimers, which 

destabilizes microtubules and suppresses microtubule dynamics preventing mitotic spindle 

formation. This consequently leads to mitotic arrest and cell death typically via apoptosis 

[13–16]. Despite numerous pre-clinical findings highlighting beneficial effects of 

colchicine treatment for various types of cancers, its clinical application remains limited 

mainly to anti-inflammatory indications, due to its associated side-effects. To overcome 

those limitations, efforts are focused on developing more clinically-applicable colchicine 

derivatives [17-40]. 

Brossi et al. synthesized a series of N-acyl and N-aroyl derivatives prepared from 

deacetylcolchicine. Several compounds showed high potency in the lymphocytic leukemia 

P388 screens in vitro and in vivo [41]. Later Kerekes et al. synthesized analogues of 

thiocolchicine, a very potent inhibitor of tubulin polymerization and cell growth, including 

N-acyldeacetylthiocolchicines, N-(alkoxycarbonyl)deacetylthiocolchicines, 

thiodemecolchicine and its methyl carbamate, as well as O-ethyl ethers of 

demethylthiocolchicines [42]. Both novel and previously described analogues were 

evaluated in vitro in a tubulin binding assay, in vivo in mice for acute toxicity, and in the 

P388 lymphocytic leukemia model [42]. Sun et al. subsequently reported three series of 

novel thiocolchicine analogs, N-acyl-, N-aroyl-, and N-(substituted benzyl)-

deacetylthiocolchicinoids [43]. Those derivatives were evaluated for their cytotoxicity 

against various tumor cell lines, with particular emphasis on solid tumor cell lines, and for 

their inhibitory effects on tubulin polymerization in vitro. In 2011, Takayama’s research 

group published results of their studies on C-4 halogen substituted colchicine derivatives, 

including 4-iodocolchicine [29]. 4-iodocolchicine showed in vitro similar potency against 

A549, HT29 and HCT116 cancerous cell lines to other halogenated colchicine derivatives 

in the C-4 position. Despite satisfactory results, to the best of our knowledge, it has not 

been implemented in in vivo studies or has not been further modified. In our previous 
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research, we developed the concept of double- [33] and triple-modified colchicine analogs 

with diversified carbamate [34,35,44] or amide [45,46], substituents in the C-7 position. 4-

iodothiocolchicine, double-modified colchicine derivative in the C-4 and C-10 position, 

showed very high potency against A549, MCF-7 and LoVo cancerous cell lines in the 

nanomolar range, higher than the activity of unmodified colchicine or 4-iodocolchicine. 

Interestingly, the high antiproliferative activity of 4-iodothiocolchicine was combined with 

beneficial selectivity index values [33]. Also the majority of novel triple-modified 

derivatives showed antiproliferative activity in the nanomolar range together with 

beneficial selectivity index values when tested against normal cells. Encouraged by the 

previously reported results, we sought to synthesize two series of novel double-modified 

derivatives of N-deacetylthiocolchicine and triple-modified derivatives of 4-iodo-N-

deacetylthiocolchicine. In this study, we describe their synthesis, molecular docking, and 

anti-proliferative activities against several cancer cell lines. 

 

2.2 Materials and methods 

General 

All precursors and solvents for the synthesis were obtained from Sigma Aldrich 

(Merck KGaA, Saint Louis, MO, USA) and were used without further purification. CDCl3 

spectral grade solvent was stored over 3 Å molecular sieves for several days. TLC was 

performed on precoated plates (TLC silica gel 60 F254, Aluminium Plates Merck, Merck 

KGaA, Saint Louis, MO, USA) visualized by illumination with an UV lamp. HPLC grade 

solvents (without further purification) were used for flash chromatography 

(CHROMASOLV from Sigma Aldrich, Merck KGaA, Saint Louis, MO, USA). The 

elemental analysis of compounds was performed on Vario ELIII (Elementar, 

Langenselbold, Germany). 

 

2.2.1 Spectroscopic measurements 

The 1H, 13C spectra were recorded on a Varian VNMR-S 400 MHz spectrometer 

(Varian, Inc., Palo Alto, CA, USA). 1H NMR measurements of 2–20 (0.07 mol dm−3) in 
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CDCl3 were carried out at the operating frequency 402.64 MHz. The error of the chemical 

shift value was 0.01 ppm. The 13C NMR spectra were recorded at the operating frequency 

101.25 MHz. The error of chemical shift value was 0.1 ppm. All spectra were locked to 

deuterium resonance of CDCl3. The 1H and 13C NMR spectra are shown in the Appendix 

A. 

The FT-IR spectra of 2–20 in the mid infrared region were recorded in KBr. The 

spectra were taken with an IFS 113v FT-IR spectrophotometer (Bruker, Karlsruhe, 

Germany) equipped with a DTGS detector; resolution 2 cm−1, NSS = 64. The Happ-Genzel 

apodization function was used. The ESI (Electrospray Ionisation) mass spectra were 

recorded also on a Waters/Micromass (Waters Corporation, Manchester, UK) ZQ mass 

spectrometer equipped with a Harvard Apparatus syringe pump. The samples were 

prepared in dry acetonitrile (5 × 10–5 mol dm−3). The sample was infused into the ESI 

source using a Harvard pump at a flow rate of 20 ml min−1. The ESI source potentials were: 

capillary 3 kV, lens 0.5 kV, extractor 4 V. The standard ESI mass spectra were recorded at 

the cone voltages: 10 and 30 V. The source temperature was 120°C and the desolvation 

temperature was 300°C. Nitrogen was used as the nebulizing and desolvation gas at flow-

rates of 100 dm3 h−1. Mass spectra were acquired in the positive ion detection mode with 

unit mass resolution at a step of 1 m/z unit. The mass range for ESI experiments was from 

m/z = 100 to m/z = 1000, as well as from m/z = 200 to m/z = 1500. 

 

2.2.2 Synthesis 

Synthesis of thiocolchicine (2) 

To a mixture of 1 (500 mg, 1.25 mmol) in MeOH/water (1/1, v/v, 5 ml), the sodium 

methanethiolate (solution 21% in H2O, 0.83 ml, 2.5 mmol) was added. The mixture was 

stirred in at RT for 72 h. Reaction time was determined by TLC. After that time, the 

reaction mixture was quenched by the addition of water (150 ml). The whole mixture was 

extracted four times with CH2Cl2, and the combined organic layers were dried over MgSO4, 

filtered, and evaporated under reduced pressure. The residue was purified by CombiFlash® 

(hexane/EtOAc (1/1), then EtOAc/MeOH, increasing concentration gradient) to give 2 

(C22H25NO5S, MW = 415.5 g/mol) with yield 78% [47]. 1H NMR (403 MHz, CDCl3) δ 

7.92 (s, 1H), 7.46 (s, 1H), 7.33 (d, J = 10.4 Hz, 1H), 7.10 (d, J = 10.5 Hz, 1H), 6.55 (s, 1H), 
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4.72–4.64 (m, 1H), 3.95 (s, 3H), 3.91 (s, 3H), 3.67 (s, 3H), 2.54 (dd, J = 13.0, 5.8 Hz, 1H), 

2.45 (s, J = 5.7 Hz, 3H), 2.43–2.26 (m, 2H), 1.99 (s, 3H), 1.94 (dd, J = 11.8, 5.5 Hz, 1H) 

ppm. 13C-NMR (101 MHz, CDCl3) δ 182.4, 170.0, 158.1, 153.6, 151.8, 151.1, 141.6, 

138.6, 134.8, 134.4, 128.3,126.7, 125.6, 107.3, 61.6, 61.4, 56.1, 52.3, 36.4, 29.9, 22.8, 15.1 

ppm. FT-IR (KBr pellet): 3283, 2935, 1660, 1605, 1541, 1485, 1461, 1425, 1404, 1349, 

1321, 1286, 1236, 1195, 1155, 1138, 1095, 1023 cm−1. ESI-MS (m/z): [M+H]+ calcd. 416, 

found 416, [M+Na]+ calcd. 438, found 438, [M+K]+ calcd. 454 found 454, [2M+Na]+ 

calcd. 853, found 853, [3M+Na]+ calcd. 1268, found 1268. 

 

Synthesis of N-deacetylthiocolchicine (3) 

Compound 3 was prepared from 2 by hydrolysis with 2 M HCl. To a solution of 

compound 2 (500 mg, 1.20 mmol) in MeOH (3 ml), the 2 N HCl solution (5 ml) was added. 

The mixture was stirred at 90°C for 72 h. Reaction time was determined by TLC. After that 

time the reaction mixture was quenched by the addition of water (100 ml). The whole 

mixture was extracted four times with CH2Cl2, and the combined organic layers were dried 

over MgSO4, filtered, and evaporated under reduced pressure. The residue was purified by 

CombiFlash® (EtOAc/MeOH, increasing concentration gradient) to give 3 (C20H23NO4S, 

MW = 373.5 g/mol) with yield 86% [42]. 1H NMR (403 MHz, CDCl3) δ 7.58 (s, 1H), 7.19 

(d, J = 10.3 Hz, 1H), 7.03 (d, J = 10.7 Hz, 1H), 6.54 (s, 1H), 3.91 (s, 3H), 3.91 (s, 3H), 

3.75–3.69 (m, 1H), 3.66 (s, 3H), 2.52–2.26 (m, 6H), 1.65–1.57 (m, 3H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 182.5, 157.8, 153.7, 153.4, 150.6, 141.1, 138.1, 135.2, 134.1, 129.3, 

125.9, 125.4, 106.9, 61.1, 61.0, 56.0, 53.6, 40.2, 30.5, 15.1 ppm. FT-IR (KBr pellet): 3365, 

3293, 2931, 2852, 2838, 1603, 1546, 1485, 1458, 1422, 1402, 1347, 1318, 1138, 1094, 

1017 cm−1. ESI-MS (m/z): [M+H]+ calcd 374, found 374. 

 

General procedure for the synthesis of colchicine derivatives (4–10) 

Compounds 4–10 were obtained directly from compound 3. To a solution of 

compound 4 (100 mg, 0.27 mmol) in tetrahydrofuran (THF, 5 ml) cooled to the 0 ◦C 

temperature, the following compounds were added: Et3N (2 ml, 14 mmol) and DMAP 

(catalytic amount). The mixture was first stirred at 0 ◦C temperature for a few minutes and 
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then the solution of respective acyl chloride (4–9) or diethylcarbamoyl chloride (10) in 

THF (0.81 mmol in 2.5 ml) was added dropwise. The mixture was stirred at RT for the 

next 24 h. The solution was filtered to remove triethylamine hydrochloride. The THF was 

evaporated and the residue was purified by CombiFlash® (hexane/ethyl acetate, increasing 

concentration gradient) to give respective compounds as amorphous yellow solids with 

yield from 38% to 82% (4–10). 

Compound 4: 1H NMR (403 MHz, CDCl3) δ 7.26 (d, J = 10.3 Hz, 1H), 7.18 (s, 

1H), 7.09 (d, J = 7.5 Hz, 1H), 7.02 (d, J = 10.6 Hz, 1H), 6.52 (s, 1H), 4.65 (dt, J = 11.8, 

6.9 Hz, 1H), 3.92 (s, 3H), 3.88 (s, 3H), 3.83 (d, J = 4.3 Hz, 2H), 3.63 (s, 3H), 3.41 (s, 3H), 

2.59–2.51 (m, 1H), 2.48–2.37 (m, 4H), 2.22 (tt, J = 13.0, 6.6 Hz, 1H), 1.88 (ddd, J = 11.9, 

8.9, 5.8 Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 182.3, 167.0, 158.2, 153.5, 151.2, 

150.0, 141.6, 137.7, 134.4, 134.1, 128.5, 126.1, 125.6, 107.3, 71.6, 61.4, 61.3, 59.1, 56.0, 

51.2, 36.8, 29.8, 15.1 ppm. FT-IR: 3287, 2937, 1672, 1607, 1552, 1486, 1462, 1426, 1403, 

1350, 1323, 1287, 1264, 1236, 1195, 1154, 1138, 1096, 1022 cm−1. ESI-MS (m/z): 

[M+Na]+ calcd 468, found 468. Anal. Calcd. for C, 62.00; H, 6.11; N, 3.14; O, 21.55; S, 

7.20; found C, 61.89; H, 6.05; N, 3.19; S, 7.35. 

Compound 5: 1H NMR (403 MHz, CDCl3) δ 7.55 (d, J = 7.4 Hz, 1H), 7.45 (s, 1H), 

7.34–7.29 (m, 1H), 7.08 (d, J = 10.8 Hz, 1H), 6.53 (s, 1H), 4.70 (dt, J = 11.8, 6.9 Hz, 1H), 

3.94 (s, 3H), 3.90 (s, 3H), 3.66 (s, 3H), 3.51 (td, J = 6.6, 1.1 Hz, 2H), 2.55–2.47 (m, 1H), 

2.45–2.33 (m, 6H), 2.26 (dt, J = 18.6, 6.3 Hz, 1H), 2.08–1.99 (m, 2H), 1.94–1.86 (m, 1H) 

ppm. 13C NMR (101 MHz, CDCl3) δ 182.4, 171.5, 158.2, 153.6, 151.5, 151.1, 141.6, 138.4, 

134.7, 134.3, 128.6, 126.6, 125.6, 107.3, 61.6, 61.4, 56.1, 51.9, 44.4, 36.8, 33.0, 30.0, 28.1, 

15.12 ppm. FT-IR: 3273, 2937, 1669, 1604, 1531, 1486, 1461, 1428, 1403, 1368, 1346, 

1320, 1282, 1234, 1194, 1156, 1138, 1092, 1020 cm−1. ESI-MS (m/z): [M+Na]+ calcd 500, 

found 500. Anal. Calcd. for C, 60.30; H, 5.90; Cl, 7.42; N, 2.93; O, 16.74; S, 6.71; found 

C, 60.46; H, 6.01; Cl, 7.44; N, 2.98; S, 6.69. 

Compound 6: 1H NMR (403 MHz, CDCl3) δ 7.83–7.79 (m, 2H), 7.68 (d, J = 7.3 

Hz, 1H), 7.49 (s, 1H), 7.40–7.28 (m, 4H), 7.08 (d, J = 10.8 Hz, 1H), 6.56 (s, 1H), 4.91 (dt, 

J = 11.7, 6.8 Hz, 1H), 3.96 (s, 3H), 3.91 (s, 3H), 3.74 (s, 3H), 2.57 (dd, J = 13.3, 5.9 Hz, 

1H), 2.50–2.40 (m, 4H), 2.35 (td, J = 12.4, 6.2 Hz, 1H), 2.07 (td, J = 11.7, 5.4 Hz, 1H) 

ppm. 13C NMR (101 MHz, CDCl3) δ 182.2, 166.8, 158.2, 153.6, 151.2, 141.6, 138.3, 134.6, 
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134.4, 133.5, 131.5, 128.7, 128.4, 127.1, 126.4, 125.7, 107.3, 61.7, 61.4, 56.1, 52.5, 36.6, 

30.0, 15.1 ppm. FT-IR: 3334, 2937, 1658, 1605, 1545, 1528, 1485, 1461, 1424, 1404, 1350, 

1322, 1287, 1235, 1195, 1154, 1137, 1095, 1020 cm−1. ESI-MS (m/z): [M+H]+ calcd 478, 

found 478, [M+Na]+ calcd 500, found 500. Anal. Calcd. for C, 67.90; H, 5.70; N, 2.93; O, 

16.75; S, 6.71; found C, 67.81; H, 5.78; N, 2.89; S, 6.79. 

Compound 7: 1H NMR (403 MHz, CDCl3) δ 7.39 (s, 1H), 7.30 (d, J = 10.3 Hz, 

1H), 7.07 (d, J = 10.6 Hz, 1H), 6.52 (s, J = 4.6 Hz, 1H), 4.67 (dt, J = 11.8, 6.7 Hz, 1H), 

3.93 (s, 3H), 3.89 (s, 3H), 3.66 (s, 3H), 2.51 (dd, J = 13.3, 6.2 Hz, 1H), 2.45–2.33 (m, 4H), 

2.30–2.22 (m, 3H), 1.95–1.84 (m, 1H), 1.09 (t, J = 7.6 Hz, 3H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 182.4, 173.6, 158.1, 153.5, 151.6, 151.1, 141.6, 138.4, 134.6, 134.4, 128.4, 126.6, 

125.7, 107.3, 61.7, 61.3, 56.1, 51.9, 36.6, 29.9, 29.2, 15.1, 9.5 ppm. FT-IR: 3303, 2937, 

1660, 1607, 1543, 1486, 1462, 1425, 1404, 1349, 1321, 1283, 1235, 1196, 1154, 1138, 

1096, 1022 cm−1. ESI-MS (m/z): [M+H]+ calcd 430, found 430, [M+Na]+ calcd 552, found 

552 [M+K]+ calcd 468, found 468. Anal. Calcd. for C, 64.31; H, 6.34; N, 3.26; O, 18.62; 

S, 7.42; found C, 64.41; H, 6.46; N, 3.22; S, 7.48. 

Compound 8: 1H NMR (403 MHz, CDCl3) δ 7.45 (s, 1H), 7.41 (d, J = 7.6 Hz, 1H), 

7.32–7.28 (m, 1H), 7.06 (d, J = 10.8 Hz, 1H), 6.52 (s, 1H), 4.69 (dt, J = 11.8, 7.0 Hz, 1H), 

3.93 (s, 3H), 3.89 (s, 3H), 3.67 (s, 3H), 2.51 (dt, J = 13.5, 6.8 Hz, 2H), 2.44–2.32 (m, 4H), 

2.25 (dt, J = 18.6, 6.3 Hz, 1H), 1.89 (td, J = 11.8, 6.1 Hz, 1H), 1.12 (dd, J = 6.9, 4.0 Hz, 

6H). 13C NMR (101 MHz, CDCl3) δ 182.3, 176.8, 158.0, 153.5, 151.7, 151.2, 141.6, 138.4, 

134.5, 134.4, 128.6, 126.5, 125.7, 107.3, 61.7, 61.3, 56.1, 51.5, 36.7, 35.2, 30.0, 19.5, 19.5, 

15.1 ppm. FT-IR: 3312, 2968, 2935, 1669, 1607, 1544, 1486, 1461, 1425, 1404, 1349, 

1322, 1283, 1235, 1196, 1154, 1137, 1096, 1021 cm−1. ESI-MS (m/z): [M+Na]+ calcd 466, 

found 466. Anal. Calcd. for C, 64.99; H, 6.59; N, 3.16; O, 18.04; S, 7.23; found C, 64.87; 

H, 6.56; N, 3.15; S, 7.31. 

Compound 9: 1H NMR (403 MHz, CDCl3) δ 7.56 (d, J = 7.4 Hz, 1H), 7.45 (s, 1H), 

7.31 (d, J = 10.4 Hz, 1H), 7.08 (d, J = 10.8 Hz, 1H), 6.54 (s, 1H), 4.71 (dt, J = 11.8, 6.9 

Hz, 1H), 3.95 (s, 3H), 3.91 (s, 3H), 3.67 (s, 3H), 2.52 (dd, J = 13.3, 6.1 Hz, 1H), 2.46–2.34 

(m, 4H), 2.30–2.21 (m, 3H), 1.89 (td, J = 11.9, 6.2 Hz, 1H), 1.58 (dd, J = 14.6, 7.2 Hz, 

2H), 1.30–1.19 (m, 12H), 0.86 (t, J = 6.9 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 

182.3, 173.0, 158.0, 153.5, 151.7, 151.1, 141.5, 138.4, 134.6, 134.4, 128.6, 126.5, 125.7, 
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107.3, 61.6, 61.3, 56.0, 51.8, 36.6, 36.3, 31.8, 30.0, 29.3, 29.3, 29.2, 29.2, 25.5, 22.6, 15.1, 

14.0 ppm. FT-IR: 3298, 2927, 2853, 1655, 1607, 1543, 1485, 1461, 1425, 1404, 1348, 

1321, 1282, 1235, 1195, 1154, 1137, 1097, 1022 cm−1. ESI-MS (m/z): [M+Na]+ calcd 550, 

found 550. Anal. Calcd. for C, 68.28; H, 7.83; N, 2.65; O, 15.16; S, 6.08; found C, 68.21; 

H, 7.98; N, 2.68; S, 5.98. 

Compound 10: 1H NMR (403 MHz, CDCl3) δ 7.48 (s, 1H), 7.26 (d, J = 10.4 Hz, 

1H), 7.03–6.99 (d, J = 10.8 Hz, 1H), 6.50 (s, 1H), 5.90 (d, J = 7.1 Hz, 1H), 4.66 (dt, J = 

11.7, 6.7 Hz, 1H), 3.91 (s, 3H), 3.87 (s, 3H), 3.67 (s, 3H), 3.32–3.25 (m, 4H), 2.48 (dd, J 

= 13.3, 5.7 Hz, 1H), 2.41–2.20 (m, 5H), 1.97–1.86 (m, 1H), 1.11 (t, J = 7.1 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 182.2, 157.8, 156.0, 153.3, 152.6, 151.1, 141.5, 138.4, 

134.6, 134.3, 129.2, 126.2, 125.8, 107.2, 61.7, 61.3, 56.0, 53.1, 40.9, 37.2, 30.2, 15.0, 13.9 

ppm. FT-IR: 3372, 2970, 2935, 1641, 1607, 1550, 1523, 1486, 1460, 1425, 1404, 1349, 

1322, 1282, 1269, 1236, 1195, 1152, 1138, 1096, 1021 cm−1. ESI-MS (m/z): [M+H]+ calcd 

473, found 473, [M+Na]+ calcd 495, found 495, [M+K]+ calcd 511, found 511. Anal. Calcd. 

for C, 63.54; H, 6.82; N, 5.93; O, 16.93; S, 6.78; found C, 63.41; H, 6.77; N, 6.01; S, 6.61. 

 

Synthesis of 4-iodocolchicine (11) 

A mixture of N-iodosuccinimide (560 mg, 2.49 mmol) and 1 (500 mg, 1.25 mmol) 

in AcOH was stirred at 70°C under nitrogen atmosphere for the 20 h. Reaction time was 

determined by TLC. The reaction was quenched with saturated aqueous Na2S2O3. The 

whole mixture was extracted four times with CH2Cl2, and the combined organic layers 

were dried over MgSO4, filtered, and evaporated under reduced pressure. The residue was 

purified by CombiFlash® (EtOAc/MeOH, increasing concentration gradient) to give 11 

with yield 95% [29]. 1H NMR (403 MHz, CDCl3) δ 8.22 (d, J = 5.6 Hz, 1H), 7.61 (s, 1H), 

7.30 (d, J = 10.7 Hz, 1H), 6.89 (d, J = 11.2 Hz, 1H), 4.55–4.47 (m, 1H), 4.04 (s, 3H), 3.97 

(s, 3H), 3.95 (s, 3H), 3.63 (s, 3H), 3.21–3.15 (m, 1H), 2.40 (dd, J = 12.7, 5.0 Hz, 1H), 1.99 

(s, 3H), 1.87–1.81 (m, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 179.5, 170.2, 164.4, 153.4, 

152.0, 151.4, 145.6, 136.7, 136.2, 135.6, 130.1, 129.5, 112.5, 92.1, 61.5, 61.3, 60.7, 56.5, 

52.6, 34.4, 34.4, 22.7 ppm. FT-IR (KBr pellet): 3274, 2934, 1662, 1617, 1588, 1563, 1461, 
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1406, 1393, 1346, 1318, 1266, 1249, 1171, 1136, 1078, 1015 cm−1. ESI-MS (m/z): [M+H]+ 

calcd 526, found 526 [M+Na]+ calcd 548, found 548. 

 

Synthesis of 4-iodothiocolchicine (12) 

To a mixture of 11 (500 mg, 0.95 mmol) in MeOH/water (1/1, v/v, 5 ml), the 

sodium methanethiolate (solution 21% in H2O, 0.72 ml, 1.9 mmol) was added. The mixture 

was stirred in at RT for 72 h. Reaction time was determined by TLC. After that time the 

reaction mixture was quenched by the addition of water (150 ml). The whole mixture was 

extracted four times with CH2Cl2, and the combined organic layers were dried over MgSO4, 

filtered, and evaporated under reduced pressure. The residue was purified by CombiFlash® 

(hexane/EtOAc (1/1), then EtOAc/MeOH, increasing concentration gradient) to give 12 

(C22H24INO5S, MW = 541.4 g/mol) as amorphous yellow solid with yield 71% [33,47]. 1H 

NMR (403 MHz, CDCl3) δ 7.75 (d, J = 6.9 Hz, 1H), 7.42 (s, 1H), 7.25 (d, J = 10.3 Hz, 

1H), 7.09 (d, J = 10.8 Hz, 1H), 4.58–4.50 (m, 1H), 3.97 (s, 3H), 3.95 (s, 3H), 3.63 (s, 3H), 

3.18 (dd, J = 13.7, 5.0 Hz, 1H), 2.46 (s, 3H), 2.40 (dd, J = 13.6, 6.2 Hz, 1H), 2.32–2.23 (m, 

1H), 2.01 (s, 3H), 1.85–1.79 (m, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 182.4, 170.1, 

159.1, 153.5, 151.4, 151.1, 145.6, 137.8, 136.8, 134.7, 129.7, 128.1, 126.3, 92.2, 61.6, 61.4, 

60.8, 52.1, 34.5, 34.4, 22.9, 15.2 ppm. FT-IR (KBr pellet): 3288, 2936, 1660, 1607, 1547, 

1461, 1406, 1346, 1318, 1288, 1262, 1197, 1138, 1081, 1019 cm−1. ESI-MS (m/z): [M+H]+ 

calcd 542, found 542, [M+Na]+ calcd 564, found 564, [M+K]+ calcd 580, found 580. 

 

Synthesis of 4 -iododeacetylothiocolcicine (13) 

Compound 13 was prepared from 12 by hydrolysis with 2 N HCl. To a solution of 

compound 12 (500 mg, 0.92 mmol) in MeOH (3 ml), the 2 N HCl solution (5 ml) was 

added. The mixture was stirred at 90°C for 72 h. Reaction time was determined by TLC. 

After that time the reaction mixture was quenched by the addition of water (100 ml). The 

whole mixture was extracted four times with CH2Cl2, and the combined organic layers 

were dried over MgSO4, filtered, and evaporated under reduced pressure. The residue was 

purified by CombiFlash® (EtOAc/MeOH, increasing concentration gradient) to give 13 

(C20H22INO4S, MW = 499.4 g/mol) with yield 83% [42]. 1H NMR (403 MHz, CDCl3) δ 
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7.59 (s, 1H), 7.11 (d, J = 10.3 Hz, 1H), 7.01 (d, J = 10.7 Hz, 1H), 3.93 (s, 6H), 3.62 (s, 3H), 

3.57 (dd, J = 10.8, 6.2 Hz, 1H), 3.15–3.08 (m, 1H), 2.48–2.39 (m, 4H), 2.33–2.24 (m, 1H), 

1.53–1.46 (m, 3H) ppm. 13C NMR (101 MHz, cdcl3) δ 182.5, 158.7, 153.4, 153.1, 150.9, 

145.1, 137.7, 137.5, 133.8, 129.5, 129.2, 125.5, 91.7, 61.2, 61.0, 60.8, 53.4, 38.2, 35.1, 

15.1 ppm. FT-IR (KBr pellet): 3375, 3309, 2932, 1605, 1553, 1460, 1405, 1343, 1313, 

1246, 1195, 1136, 1081, 1014 cm−1. ESI-MS (m/z): [M+H]+ calcd 500, found 500. Anal. 

Calcd. for C, 48.10; H, 4.44; I, 25.41; N, 2.80; O, 12.82; S, 6.42; found C, 48.18; H, 4.54; 

I, 25.43; N, 2.75; S, 6.49. 

 

General procedure for the synthesis of colchicine derivatives (14–20) 

Compounds 14–20 were obtained directly from compound 13. To a solution of 

compound 13 (100 mg, 0.20 mmol) in tetrahydrofuran (THF, 5 ml) cooled to the 0 ◦C 

temperature, the following compounds were added: Et3N (2 ml, 14 mmol) and DMAP 

(catalytic amount). The mixture was first stirred at 0 ◦C temperature for a few minutes and 

then the solution of respective acyl chloride (4–9) or dietyhylcarbamoyl chloride (10) in 

THF (0.75 mmol in 2,5 ml) was added dropwise. The mixture was stirred at RT for the 

next 24 h. The solution was filtered to remove triethylamine hydrochloride. The THF was 

evaporated and the residue was purified by CombiFlash® (hexane/ethyl acetate, increasing 

concentration gradient) to give respective compounds as amorphous yellow solids with 

yield from 25% to 67% (14–20). 

Compound 14: 1H NMR (403 MHz, CDCl3) δ 7.20 (d, J = 7.6 Hz, 1H), 7.19 (s, 

1H), 7.16 (d, J = 6.6 Hz, 1H), 7.03 (d, J = 10.6 Hz, 1H), 4.53 (dt, J = 11.8, 6.9 Hz, 1H), 

3.97 (s, 3H), 3.94 (s, 3H), 3.87 (q, J = 15.0 Hz, 2H), 3.62 (s, 3H), 3.43 (s, 3H), 3.20 (dd, J 

= 13.9, 5.1 Hz, 1H), 2.52–2.42 (m, 4H), 2.28–2.17 (m, 1H), 1.80 (td, J = 12.0, 6.5 Hz, 1H) 

ppm. 13C NMR (101 MHz, CDCl3) δ 182.2, 169.2, 159.2, 153.4, 151.5, 149.4, 145.6, 137.0, 

136.6, 134.3, 129.7, 128.3, 125.7, 92.1, 71.6, 61.4, 61.3, 60.7, 59.1, 51.1, 34.8, 34.4, 15.1 

ppm. FT-IR: 3339, 2998, 2929, 1674, 1605, 1547, 1516, 1465, 1449, 1425, 1408, 1373, 

1347, 1316, 1292, 1262, 1190, 1156, 1134, 1107, 1081, 1056, 1018 cm−1. ESI-MS (m/z): 

[M+Na]+ calcd 594, found 594. Anal. Calcd. for C, 48.34; H, 4.59; I, 22.21; N, 2.45; O, 

16.80; S, 5.61; found C, 48.22; H, 4.51; I, 22.36; N, 2.46; S, 5.66. 
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Compound 15: 1H NMR (403 MHz, CDCl3) δ 7.47 (d, J = 7.3 Hz, 1H), 7.42 (s, 

1H), 7.23 (d, J = 10.4 Hz, 1H), 7.07 (d, J = 10.7 Hz, 1H), 4.57 (dt, J = 11.8, 6.9 Hz, 1H), 

3.96 (s, 3H), 3.95 (s, 3H), 3.63 (s, 3H), 3.53 (t, J = 6.4 Hz, 2H), 3.16 (dd, J = 13.7, 5.0 Hz, 

1H), 2.52–2.35 (m, 7H), 2.29–2.18 (m, 1H), 2.11–2.02 (m, 2H), 1.78 (td, J = 12.0, 5.6 Hz, 

1H) ppm. 13C NMR (101 MHz, CDCl3) δ 182.3, 171.7, 159.2, 153.5, 151.4, 150.8, 145.6, 

137.6, 136.7, 134.7, 129.6, 128.4, 126.2, 92.2, 61.6, 61.4, 60.8, 51.7, 44.4, 34.8, 34.5, 33.0, 

28.1, 15.2 ppm. FT-IR: 3301, 2937, 1674, 1607, 1544, 1461, 1406, 1346, 1318, 1283, 1262, 

1244, 1196, 1154, 1137, 1081, 1054, 1019 cm−1. ESI-MS (m/z): [M+Na]+ calcd 626, found 

626. Anal. Calcd. for C, 47.73; H, 4.51; Cl, 5.87; I, 21.01; N, 2.32; O, 13.25; S, 5.31; found 

C, 47.74; H, 4.53; I, 20.89; N, 2.26; S, 5.27. 

Compound 16: 1H NMR (403 MHz, CDCl3) δ 7.93 (d, J = 7.1 Hz, 1H), 7.81 (dt, J 

= 8.5, 1.7 Hz, 2H), 7.52 (s, 1H), 7.37–7.32 (m, 1H), 7.29–7.23 (m, 3H), 7.10–7.05 (m, 1H), 

4.79 (dt, J = 11.8, 6.9 Hz, 1H), 3.98 (s, 3H), 3.95 (s, 3H), 3.71 (s, 3H), 3.20 (dd, J = 13.7, 

4.8 Hz, 1H), 2.52–2.42 (m, 4H), 2.31 (dt, J = 17.1, 4.9 Hz, 1H), 2.05 – 1.96 (m, 1H) ppm. 

13C NMR (101 MHz, CDCl3) δ 182.2, 167.1, 159.2, 153.5, 151.5, 150.9, 145.6, 137.7, 

136.9, 134.6, 133.3, 131.6, 129.8, 128.5, 128.4, 127.1, 126.1, 92.2, 61.7, 61.4, 60.8, 52.3, 

34.7, 34.5, 15.2 ppm. FT-IR: 3323, 3058, 2935, 1659, 1606, 1549, 1487, 1461, 1406, 1346, 

1319, 1289, 1262, 1197, 1152, 1081, 1019 cm−1. ESI-MS (m/z): [M+H]+ calcd 604, found 

604, [M+Na]+ calcd 626, found 626. Anal. Calcd. for C, 53.74; H, 4.34; I, 21.03; N, 2.32; 

O, 13.26; S, 5.31; found C, 53.79; H, 4.46; I, 20.97; N, 2.28; S, 5.33. 

Compound 17: 1H NMR (403 MHz, CDCl3) δ 7.53–7.48 (m, 1H), 7.40 (s, 1H), 7.24 

(dd, J = 9.1, 4.0 Hz, 1H), 7.10––7.05 (m, 1H), 4.56 (dt, J = 11.9, 6.8 Hz, 1H), 3.97 (s, 3H), 

3.95 (s, 3H), 3.64 (s, 3H), 3.17 (dd, J = 14.0, 4.6 Hz, 1H), 2.49–2.37 (m, 4H), 2.35–2.20 

(m, 3H), 1.79 (td, J = 12.0, 5.2 Hz, 1H), 1.11 (dd, J = 9.8, 5.3 Hz, 3H) ppm. 13C NMR (101 

MHz, CDCl3) δ 182.3, 173.8, 159.1, 153.4, 151.4, 151.0, 145.6, 137.7, 136.8, 134.6, 129.7, 

128.2, 126.2, 92.2, 61.6, 61.4, 60.8, 51.7, 34.6, 34.5, 29.2, 15.2, 9.6 ppm. FT-IR: 3301, 

2938, 1660, 1608, 1567, 1462, 1406, 1346, 1319, 1283, 1262, 1231, 1198, 1138, 1081, 

1019 cm−1. ESI-MS (m/z): [M+H]+ calcd 556, found 556, [M+Na]+ calcd 578, found 578. 

Anal. Calcd. for C, 50.62; H, 4.96; I, 22.29; N, 2.46; O, 14.05; S, 5.63; found C, 50.69; H, 

4.91; I, 22.36; N, 2.41; S, 5.67. 
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Compound 18: 1H NMR (403 MHz, CDCl3) δ 7.47 (d, J = 8.3 Hz, 2H), 7.23 (d, J 

= 10.3 Hz, 1H), 7.06 (d, J = 10.6 Hz, 1H), 4.58 (dt, J = 11.8, 7.0 Hz, 1H), 3.97 (s, 3H), 

3.95 (s, 3H), 3.65 (s, 3H), 3.16 (dd, J = 13.8, 5.1 Hz, 1H), 2.55 (dt, J = 13.8, 6.9 Hz, 1H), 

2.48–2.36 (m, 4H), 2.28–2.16 (m, 1H), 1.80 (td, J = 11.9, 5.3 Hz, 1H), 1.16 (dd, J = 6.9, 

3.6 Hz, 6H) ppm. 13C NMR (101 MHz, CDCl3) δ 182.2, 177.0, 159.0, 153.4, 151.5, 151.1, 

145.6, 137.7, 136.8, 134.5, 129.7, 128.5, 126.1, 92.2, 61.7, 61.3, 60.8, 51.3, 35.2, 34.7, 

34.6, 19.5, 19.4, 15.1 ppm. FT-IR: 3331, 2970, 2935, 1669, 1608, 1552, 1461, 1406, 1345, 

1319, 1284, 1262, 1239, 1198, 1153, 1137, 1081, 1019 cm−1. ESI-MS (m/z): [M+H]+ 

[M+Na]+ calcd 592, found 592. Anal. Calcd. for C, 50.62; H, 4.96; I, 22.29; N, 2.46; O, 

14.05; S, 5.63; found C, 50.71; H, 4.99; I, 22.31; N, 2.40; S, 5.59. 

Compound 19: 1H NMR (403 MHz, CDCl3) δ 7.40 (s, 1H), 7.23 (d, J = 10.3 Hz, 

1H), 7.15 (d, J = 7.1 Hz, 1H), 7.06 (d, J = 10.8 Hz, 1H), 4.57 (dt, J = 11.9, 7.0 Hz, 1H), 

3.97 (s, 3H), 3.95 (s, 3H), 3.63 (s, 3H), 3.17 (dd, J = 13.9, 5.0 Hz, 1H), 2.47–2.18 (m, 7H), 

1.75 (td, J = 12.0, 5.2 Hz, 1H), 1.60 (td, J = 14.8, 7.3 Hz, 2H), 1.35–1.20 (m, 12H), 0.86 

(t, J = 7.2 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 182.3, 173.2, 159.1, 153.4, 151.5, 

150.9, 145.6, 137.6, 136.7, 134.5, 129.7, 128.3, 126.2, 92.2, 61.6, 61.3, 60.8, 51.6, 36.4, 

34.8, 34.5, 31.8, 29.4, 29.3, 29.3, 29.2, 25.5, 22.6, 15.1, 14.1 ppm. FT-IR: 3298, 2927, 

2856, 1656, 1607, 1547, 1461, 1406, 1346, 1319, 1283, 1262, 1246, 1198, 1154, 1138, 

1081, 1019 cm−1. ESI-MS (m/z): [M+H]+ calcd 654, found 654. Anal. Calcd. for C, 55.13; 

H, 6.17; I, 19.42; N, 2.14; O, 12.24; S, 4.91; found C, 55.02; H, 6.19; I, 19.44; N, 2.19; S, 

4.86. 

Compound 20: 1H NMR (403 MHz, CDCl3) δ 7.48 (s, 1H), 7.21–7.17 (m, 1H), 

7.03–6.99 (m, 1H), 5.89–5.85 (m, 1H), 4.53 (dt, J = 11.7, 6.7 Hz, 1H), 3.94 (s, 3H), 3.92 

(s, 3H), 3.64 (s, 3H), 3.30 (q, J = 7.1 Hz, 4H), 3.12 (dd, J = 13.8, 4.7 Hz, 1H), 2.44–2.33 

(m, 4H), 2.28–2.18 (m, 1H), 1.81 (td, J = 12.0, 5.3 Hz, 1H), 1.12 (t, J = 7.1 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 182.2, 158.8, 156.0, 153.2, 152.1, 151.4, 145.5, 137.6, 

137.0, 134.3, 129.9, 128.9, 125.9, 92.1, 61.7, 61.3, 60.7, 52.9, 41.0, 35.2, 34.8, 15.1, 13.9 

ppm. FT-IR: 3383, 2973, 2935, 1639, 1608, 1553, 1525, 1492, 1460, 1425, 1406, 1344, 

1318, 1284, 1264, 1216, 1183, 1152, 1137, 1080, 1018 cm−1. ESI-MS (m/z): [M+H]+ calcd 

599, found 599, [M+Na]+ calcd 621, found 621. Anal. Calcd. for C, 50.17; H, 5.22; I, 21.20; 

N, 4.68; O, 13.37; S, 5.36; found C, 50.08; H, 5.19; I, 21.21; N, 4.70; S, 5.41. 
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2.2.3 Cell lines and culturing conditions 

Primary ALL-5 cells were derived from the bone marrow of a 37-year old patient 

as previously described [48,49]. Although these cells can be cultured up to 6 months with 

no obvious change in their properties [48], in the present study they were exclusively used 

at low passage for all experiments, and are thus referred to as primary cells. Primary ALL-

5 cells were routinely maintained at 37°C in a humidified 5% CO2 incubator in IMDM 

Modified (SH30228, HyClone) media supplemented with 10 μg mL−1 cholesterol (C3045, 

Sigma-Aldrich), 6 mg mL−1 human serum albumin (HA1000, Golden West Biologicals), 2 

mM L-glutamine (25–005, Corning), 2% v/v amphotericin-B/penicillin/streptomycin 

(A2942, Sigma-Aldrich, 30–002, Corning), 1 μg mL−1 insulin (128–100, Cell 

Applications), 200 μg mL−1 apo-transferrin (T1147, Sigma-Aldrich), and 50 μM β-

mercaptoethanol, and were subcultured to maintain a density of 1–3 × 106 cells mL−1. 

Human MCF-7 mammary gland adenocarcinoma cells originally isolated from a 69 year 

old Caucasian woman with several characteristics of differentiated mammary epithelium 

were cultured in Eagle’s Minimum Essential Medium (EMEM) (30-2003, ATCC, USA) 

supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (FP-0500-A, Atlas 

Biologicals, USA), and 1% Penicillin/Streptomycin Solution 100x (30-002-Cl, Corning, 

USA). MCF-7 cell line was tested via short tandem repeat profiling in July 2018 by 

Genetica DNA Laboratories (Burlington, NC) and verified as authentic, giving a 100% 

match when compared to the known reference profile [50]. Both primary ALL-5 cells and 

MCF-7 cell line for cell cycle analysis were maintained in the Department of Biochemistry 

& Molecular Biology at University of Arkansas for Medical Sciences, USA. 

The BALB/3T3 cell line was purchased from the American Type Culture 

Collection (ATCC Manassas, VA, USA), A549 and MCF-7 cell lines – from European 

Collection of Authenticated Cell Cultures (Salisbury, UK), LoVo cell line was purchased 

from the American Type Culture Collection (ATCC, Manassas, VA, USA), and LoVo/DX 

received courtesy of Prof. E. Borowski (Technical University of Gdańsk, Gdańsk, Poland). 

All of the above-listed cell lines were maintained in the Institute of Immunology and 

Experimental Therapy (IIET), Wroclaw, Poland. Human lung adenocarcinoma cell line 

(A549) was cultured in the mixture of OptiMEM and RPMI 1640 (1:1) medium (IIET, 

Wroclaw, Poland), supplemented with 5% fetal bovine serum (GE Healthcare, Logan UT, 
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USA) and 2 mM L-glutamine (Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). 

Human colon adenocarcinoma cell lines (LoVo) were cultured in mixture of OptiMEM and 

RPMI 1640 (1:1) medium (IIET, Wroclaw, Poland), supplemented with 5% fetal bovine 

serum (GE Healthcare, Logan, UT, USA), 2 mM L-glutamine, 1 mM sodium pyruvate 

(Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA) and 10 μg/100 ml doxorubicin for 

LoVo/DX (Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). Murine embryonic 

fibroblast cells (BALB/3T3) were cultured in Dulbecco medium (Life Technologies 

Limited, Paisley, UK), supplemented with 10% fetal bovine serum (GE Healthcare, Logan, 

UT, USA) and 2 mM glutamine (Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). 

All cell culture media contained antibiotics: 100 U/ml penicillin and 100 μg/ml 

streptomycin (Polfa-Tarchomin, Warsaw, Poland). All cell lines were cultured during 

entire experiment in humid atmosphere at 37°C and 5% CO2. Cells were tested for 

mycoplasma contamination by mycoplasma detection kit for conventional PCR: Venor 

GeM Classic (Minerva Biolabs GmbH, Berlin, Germany) and negative results were 

obtained. The procedure is repeated every year or in the case of less frequently used lines 

after thawing. 

 

2.2.4 Cell viability assays 

SRB assay 

Sulforhodamine B (SRB) assay was performed to asses about cytotoxic activity of 

studied compounds towards adherent cell lines. Cells (104 per well) were seeded in 96-well 

plates (Sarstedt, Nümbrecht, Germany) in appropriate complete cell culture media and after 

24 h prior addition of tested compounds. Cells were subjected to the treatment with tested 

agents or cisplatin (Teva Pharmaceuticals Polska, Warsaw, Poland) or doxorubicin 

(Accord Healthcare Limited, Middlesex, UK) in the concentration range 100–0.01 μg/ml 

for 72 h. Treatment with DMSO (POCh, Gliwice, Poland) at concentrations corresponding 

to these present in tested agents’ dilutions was applied as a control (100% cell viability). 

After 72 h of incubation with the tested compounds, cells were fixed in situ by gently 

adding of 50 μL per well of cold 50% trichloroacetic acid TCA (POCh, Gliwice, Poland) 

following incubation at 4°C for one hour [51]. Next, wells were washed four times with 
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water and air dried. 50 μL of 0.1% solution of sulforhodamine B (Sigma–Aldrich, Merck 

KGaA, Saint Louis, MO, USA) in 1% acetic acid (POCh, Gliwice, Poland) were added to 

each well and plates were incubated at room temperature for 0.5 h. Unbounded dye was 

removed by washing plates four times with 1% acetic acid. Stained cells were solubilized 

with 10 mM Tris base (Sigma–Aldrich, Merck KGaA, Saint Louis, MO, USA). 

Absorbance of each solution was read at Synergy H4 Hybrid Multi-Mode Microplate 

Reader (BioTek Instruments, Inc., Winooski VT, USA) at the 540 nm wavelength. 

Results are presented as mean IC50 (concentration of the tested compound, that 

inhibits cell proliferation by 50%) ± standard deviation. IC50 values were calculated in 

Cheburator 0.4, Dmitry Nevozhay software (version 1.2.0 software by Dmitry Nevozhay, 

2004–2014, http://www.cheburator.nevozhay.com, freely available) for each experiment 

[52]. Compounds at each concentration were tested in triplicate in individual experiment 

and each experiment was repeated at least three times independently. 

 

MTT assay 

A 3-(4,5-dimethylthiazol-2-yl)-2,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT)-based assay [53], was used to evaluate the effect of drugs on the viability 

of primary ALL-5 cells. Cells (105/well) in 100 µL of complete IMDM Modified medium 

were seeded in 96-well plates (TPP, Switzerland) and treated with drugs at concentrations 

up to 10 µM for 120 h with control cells receiving vehicle (0.1% DMSO) alone. After 

treatment, 10 μL of MTT solution (5 mg/mL) was added to each well, and the plate was 

incubated at 37°C for 24 h in a humidified 5% CO2 incubator. Then 100 μL of 10% SDS 

in 0.01 M HCl was added to each well and the plate was incubated at 37°C for a further 24 

h. The experiment was performed in quadruplate (n = 4). Absorbance was recorded at 540 

nm using a BioTek Plate Reader. Inhibition of formation of colored MTT formazan was 

taken as an index of cytotoxicity activity. IC50 values were determined by non-linear 

regression analysis using GraphPad Prism 6 for Windows (GraphPad Software). 

Selectivity index (SI) was calculated by dividing the IC50 value for BALB/3T3 cells 

by the IC50 value for individual cancer cell lines, and resistance index (RI) was calculated 

by dividing the IC50 for LoVo/DX cells by the IC50 for LoVo cells. The Resistance Index 
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(RI) was defined as the ratio of IC50 for a given compound calculated for resistant cell line 

to that measured for its parental drug sensitive cell line (Table 2-1). 

Table 2-1. Antiproliferative activity (IC50) and resistance index (RI) values of colchicine (1) 

and its derivatives (2–20) compared with antiproliferative activity of standard anticancer drugs 

doxorubicin and cisplatin [32–35]. 

Compound ALL-5 

IC50 (nM) 

A549 

IC50 (nM) 

MCF-7 

IC50 (nM) 

LoVo 

IC50 (nM) 

LoVo/DX 

IC50 (nM) 

RI BALB/3T3 

IC50 (nM) 

1 8.6 ± 0.2 125 ± 13 20.7 ± 2.4 108 ± 25 1,694 ± 275 15.7 106 ± 23 

2 3.1 ± 1.3 11.3 ± 1.4 9.6 ± 2.4 21.0 ± 5.5 398 ± 75 19.0 137 ± 59 

3 16.3 ± 4.9 24.1 ± 2.7 14.2 ± 1.6 16.9 ± 4.0 145 ± 21 8.6 223 ± 32 

4 8.5 ± 0.2 13.5 ± 0.1 12.7 ± 1.3 8.2 ± 1.3 132 ± 44 16.0 12.0 ± 1.3 

5 5.9 ± 0.1 13.3 ± 1.2 11.9 ± 1.2 8.4 ± 0.1 102 ± 15 12.2 20.2 ± 10.5 

6 5.7 ± 1.9 11.2 ± 1.2 11.2 ± 1.2 5.6 ± 3.2 57.9 ± 13.5 10.4 21.6 ± 17.6 

7 4.6 ± 0.6 13.2 ± 1.3 12.4 ± 1.3 8.5 ± 1.3 163 ± 51 19.1 17.9 ± 1.3 

8 5.5 ± 0.1 15.8 ± 3.9 13.5 ± 0.02 9.0 ± 0.1 174 ± 46 19.3 69.9 ± 24.4 

9 27.3 ± 0.5 13.3 ± 0.2 66.3 ± 25.5 7.6 ± 0.1 84.6 ± 1.1 11.2 87.2 ± 25.1 

10 17.4 ± 5.1 133 ± 6 113 ± 7 69.1 ± 11.7 1,105 ± 191 16.0 88.2 ± 10.0 

11 15.5 ± 1.6 93.9 ± 5.8 97.7 ± 29.3 10.2 ± 2.2 2,776 ± 449 278.0 135 ± 56 

12 8.7 ± 0.2 11.1 ± 1.8 16.6 ± 6.4 7.4 ± 1.8 642 ± 84 91.7 115 ± 44 

13 135 ± 35 866 ± 320 1,705 ± 361 126 ± 43 844 ± 52 6.7 1,424 ± 304 

14 15.0 ± 5.9 10.5 ± 1.8 10.5 ± 1.8 7.0 ± 0.1 92.2 ± 19.3 13.2 51.2 ± 20.0 

15 47.5 ± 9.0 82.8 ± 4.4 89.4 ± 6.6 39.2 ± 5.8 529 ± 77 13.5 87.8 ± 23.2 

16 25.4 ± 0.8 13.3 ± 4.4 47.5 ± 14.9 7.2 ± 1.0 72.9 ± 5.0 10.2 76.2 ± 16.3 

17 9.0 ± 1.1 11.4 ± 1.0 10.8 ± 1.8 7.2 ± 0.1 168 ± 66 23.3 39.6 ± 13.9 

18 19.9 ± 5.2 62.6 ± 5.6 44.5 ± 23.6 7.0 ± 0.1 91.3 ± 16.8 13.0 69.7 ± 18.4 

19 615 ± 181 833 ± 60 846 ± 117 568 ± 43 3,866 ± 1,328 6.8 305 ± 138 

20 81.9 ± 16.5 81.3 ± 17.6 94.7 ± 7.5 64.6 ± 1.0 794 ± 134 12.3 107 ± 32 

Doxorubicin 39.1 ± 7.0 258 ± 44 386 ± 118 92.0 ± 18.0 4,7500 ± 990 51.6 166 ± 74 

Cisplatin –* 6,367 ± 1,413 10,700 ± 753 4,370 ± 73 5,700 ± 630 1.3 3,900 ± 1,500 

The IC50 value is defined as the concentration of a compound at which 50% growth inhibition is 

observed. 

*Inhibition of proliferation did not exceed 50% at the highest concentration tested of 10 µM. 

The RI indicates how many times a resistant subline is chemoresistant relative to its parental cell 

line. The RI was calculated for each compound using the formula: RI = IC50 for LoVoDX/IC50 for 

LoVo cell line. When RI is 0–2, the cells are sensitive to the compound tested, RI in the range 2–
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10 means that the cell shows moderate sensitivity to the drug tested, RI above 10 indicates strong 

drug-resistance. 

 

2.2.5 DNA content analysis 

ALL-5 (1.5 × 106) and MCF-7 (0.2 × cells 106) were seeded in 100 mm Petri dishes 

(Corning, NY) and incubated in the presence of vehicle (0.1% DMSO) or compounds, at 

concentrations specified in the text, for 24, 48 or 72 h at 37°C in a humidified 5% CO2 

incubator. Cells were then washed with 1 ml phosphate-buffer saline (PBS), fixed with 1–

3 ml of 70% ice-cold ethanol and stored at 4°C prior to flow cytometric analysis. Cells 

were centrifuged, treated with 500 μL propidium iodide/RNase Staining buffer (BD 

Biosciences, San Jose, CA, USA) and stored in the dark for 1 h at RT. The stained cells 

were subjected to a FacsAria IIIu Flow Cytometer (BD Biosciences, San Jose, CA, USA) 

performed by UAMS Flow Cytomery Core Facility and data were analyzed using FlowJo 

software. 

 

2.2.6 Western blot analysis 

ALL-5 cells (15 × 106 cells/dish) were treated for 24 and 48 h with 1 and 5 at 5 × 

IC50 values concentration or with vehicle (0.1% DMSO) or DX (0.2 µM) for 24 h. Cells 

were washed in PBS and lysed in lysis buffer (25 mM HEPES, pH 7.5, 300 mM NaCl, 

0.1% Triton X-100, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, EDTA-free complete 

protease inhibitor tablets (Roche), 20 μg ml−1 aprotinin, 50 μg ml−1 leupeptin, 10 μM 

pepstatin, 1 mM phenylmethylsulfonyl fluoride, 20 mM β-glycerophosphate, 1 mM 

Na3VO4, and 1 μM okadaic acid. Protein content was measured by Bradford assay and 

equal amounts (20 μg) were separated by electrophoresis using Mini-PROTEAN® precast 

gels (Bio-Rad). Proteins were electrophoretically transferred onto a PVDF membrane 

(Immobilon-FL, Merck Millipore) and next stained with Ponceau S to assess transfer 

efficiency and verify equal loading. The membrane was blocked with 5% nonfat milk in 

Tris-buffered saline containing 0.1% TWEEN-20 (TBS-T) for 1 h at RT and incubated 

overnight at 4°C with primary antibodies (Santa Cruz Biotechnology) against PARP (9532) 

(1:2500 dilution) and GAPDH (2118) (1:10000 dilution). After washing with TBS-T for 5 
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× 5 min the membrane was incubated with secondary HRP-conjugated goat anti-rabbit IgG 

(H+L) antibody (1:5000 dilution) (Bio-Rad) for 1 h at RT. After washing in TBS-T the 

membrane was exposed to ClarityTM Western ECL Substrate luminol enhancer solution 

and peroxide solution (Bio-Rad) for 5 min and visualized and quantified using Image J 

software. 

 

2.2.7 Statistical analysis 

Unpaired t test with Welch's correction was performed for the significance and p 

values of <0.05 were considered significant. 

 

2.2.8 Docking simulations 

Docking of the N-deacetylthiocolchicine and 4-iodo-N-deacetylthiocolchicine 

derivatives was performed using AutoDock 4 software package. AutoDock4 includes 

AutoGrid calculation that pre-calculate atomic affinity potentials in the ligand docked 

binding site and predict poses for ligand with up to 10 flexible bonds with combination of 

grid values, the Lamarckian Genetic Algorithm and empirical free energy scoring function 

[54]. For our docking simulations, a cubic box with size 44.0 × 44.0 × 60.0 Å3 centered at 

the center of mass of the bound colchicine was considered. All cofactors, namely, GTP, 

GDP, colchicine, and the magnesium ion were removed during docking. The protein was 

kept rigid but the compounds were chosen to be flexible. The ligand structures were fully 

optimized based on the RHF/cc-pVDZ level [55] of theory implemented in the software 

package GAMESS-US, version 2010-10-01 [56-58]. Since there is no crystal structure for 

human βI tubulin (UniProt ID: P07437) available in the Protein Data Bank (PDB), the 

bovine tubulin structure 1SA0.pdb was used as a template to construct a homology model 

for human βI tubulin using the software package MOE2015. Note that this particular 

structure is appropriate for colchicine-derivative binding because it corresponds to a co-

crystallized complex of tubulin with colchicine. Other β tubulin isotypes used for 

computational studies were: βIIa (UniProt ID: Q13885), βIIb (UniProt ID: Q9BVA1), βIII 
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(UniProt ID: Q13509), βIVa (UniProt ID: P04350), βIVb (UniProt ID: P68371), and βVI 

(UniProt ID: Q9H4B7). 

For every compound, docking was run separately on each of the tubulin 

representative structures obtained from clustering. The ligand poses were eventually 

rescored using AutoDock’s scoring function. For every derivative, the pose with the best 

AutoDock score over all representative structures of each tubulin isotype was kept for 

further analysis, especially to investigate the correlation with experimental pIC50 values. 

Besides AutoDock scores, the Moriguchi octanol-water partition coefficient (MLogP) of 

every compound was calculated using the ADMET Predictor 8.0 package (ADMET 

Predictor, Simulations Plus, Lancaster, CA, USA). Both Vina scores and MlogP values 

were used as inputs to build a two-variable linear regression model for every tubulin 

isotype. 

 

2.3 Results and discussion 

2.3.1 Chemistry 

Compounds 2–3, 11–13 were obtained according to previously described 

procedures [29,33,42]. Double-modified (4–10) derivatives were synthesized in one pot 

reactions of compound 3 with respective acyl (4–9) or carbamoyl (10) chloride in the 

presence of triethylamine and 4-dimethylaminopyridine (DMAP) (see Figure 2-1). 

Compound 6 was previously synthesized by Kerekes et al. [42]. Triple-modified 

derivatives (14–20) were synthesized analogously starting with the compound 13 (see 

Figure 2-1). The structures and purity of all products 2–20 were determined using the ESI-

MS, FT-IR, 1H NMR and 13C NMR methods (see exemplary NMR spectra, Appendix A, 

Figure A1-A8). 
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2.3.2 In vitro cytotoxic activity evaluation 

The seven double-modified derivatives (4–10), triple-modified colchicine 

derivatives (14–20), other colchicine derivatives (2–3, 11–13), and the starting material (1) 

were evaluated for their in vitro antiproliferative effect on acute lymphoblastic leukemia 

cells (ALL-5) and four human cancer cell lines: human lung adenocarcinoma (A549), 

human breast adenocarcinoma (MCF-7), human colon adenocarcinoma (LoVo) and its 

doxorubicin-resistant subline (LoVo/DX) as well as on normal murine embryonic 

fibroblasts (BALB/3T3). The data, expressed as IC50 ± SD of the tested compounds, are 

presented in Table 2-1 [51,52]. and the viability curves for ALL cells are shown in 

(Appendix A, Figure A9). Some general conclusions based on these data can be drawn. 

First, the majority of novel double-modified analogs of 7-deacetyl-10-thiocolchicine 

showed activity greater than or comparable to the unmodified colchicine towards primary 

ALL-5, A549, MCF-7 and LoVo cells (exception are compounds 9 and 10). Although the 

compounds 4–8 have different substituents in the C-7 position, that does not seem to have 

a significant impact on the activity of these derivatives, since the IC50 values against all the 

tested cancer cell lines are quite similar. The situation is different in case of triple-modified 

4-iodo-7-deacetyl-10-thiocolchicine analogs. Compounds 14 and 17 showed the highest 

activity toward primary ALL-5, A549, MCF-7 and LoVo cells, and 16 showed moderate 

activity. The structural differences in the C-7 position have bigger impact on the IC50 values 

Figure 2-1. Synthesis of colchicine derivatives (2–20). Reagents and conditions: (a) NIS, 

AcOH, 70°C, 20 h (b) MeOH/H2O, CH3SNa, RT; (c) 2 N HCl, 90°C, 72 h; (d) Et3N, DMAP, 

respective acyl/carbamoyl chloride, THF, 0°C → RT. 
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of triple-modified derivatives comparing to double-modified ones. Second, the greatest 

improvement in the activity of the new derivatives, in comparison to the colchicine, was 

observed for the A549, LoVo and LoVo/DX cell lines. The most active compounds were 

the following: against A549, 4–9, 14, 16–17 (approx. 9–12 fold more active than 1); against 

LoVo, 4– 9, 14, 16–18 (approx. 12–15 fold more active than 1, compound 6 had even 19 

times lower IC50); against LoVo/DX, 4–9, 14, 16–18 (approx. 10–20 fold more active than 

1, compound 6 had even 30 times lower IC50). For the primary acute lymphoblastic 

leukemia cells (ALL-5) and MCF-7 cells only the moderate improvement in the activity of 

the new derivatives was observed and the most active compounds were the following: 

against ALL-5, 5–8 (approx. 1.5-fold more active than 1); and against MCF-7, 4–8, 14, 17 

(approx. 1.5–2 fold more active than 1). All of the above-listed compounds had very low, 

single- or double-nanomolar IC50 values, which are lower, than those presented for 

doxorubicin and cisplatin, currently widely used as antitumor agents in cancer 

chemotherapy. Third, all of the tested derivatives were more active against LoVo cell line 

in comparison to its drug-resistant cell line LoVo/DX. Compounds 13 and 19 showed the 

weakest activity against all cancer cell lines tested (with the exception of 13 on LoVo/DX). 

When comparing double- (4–10) and triple-modified (14–20) derivatives, in many cases 

the derivatives with the same substituents in C-7 position showed similar IC50 values as for 

compounds 4 and 14 (except BALB/3T3 against which compound 14 turned out to be less 

potent), compounds 7 and 17, and compounds 10 and 20 (except ALL-5 against which 

compound 20 turned out to be less potent). However, some differences between 

corresponding pairs should be highlighted. Compound 15 showed, depending on the cell 

line, 4–8 times higher IC50 in comparison to compound 5. Compounds 6 and 16 showed 

similar IC50 against A549, LoVo and LoVo/DX cell lines, but compound 16 was 4–5 times 

less potent against ALL-5, MCF-5 and BALB/3T3 cell lines than 6. Compounds 8 and 18 

showed similar IC50 against LoVo and BALB/3T3, but compound 18 was about 4 times 

less potent against ALL-5, A549 and MCF-7 cell lines. Surprisingly, compound 18 was 

more active against LoVo/DX than 8. The biggest difference can be observed between 

derivatives 9 and 19; the derivative of N-deacetylthiocolchicine bearing long alkyl chain 

(9) proved to be much more active than the corresponding derivative of 4-iodo-N-

deacetylthiocolchicine (19). These differences are further discussed in the molecular 
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docking section in terms of binding affinities to the colchicine-binding pocket and 

structural differences between colchicine derivatives. 

In a previous report, analogues of 4-chloro-N-deacetylthiocolchicine [45] and 4-

bromo- N-deacetylthiocolchicine [46] were described. The less potent derivatives in all 4-

halo series were amides with long hydrophilic alkyl chains (like 19 from 4-iodo 

derivatives). Interestingly, the same substituent in the C-7 position did not decrease 

significantly the activity of double-modified derivative (9). The moderate potency, in all 

series, was also shown by ureas (like 10, 20), derivatives with 4-chlorobutanamide moiety 

in the C-7 position (like 5, 15), and for 4-iodo series also benzamide derivative (16). The 

highest activity, in all series, showed compounds bearing given moieties in the C-7 

position: methoxyacetamide (like 4, 14), benzamide (like 6, except 4-iodo derivative 16), 

propionamide (like 7, 17) and isobutyramide (like 8, 18). 

In order to evaluate the activity of the new analogs against cells with an MDR 

(multidrug resistance) phenotype, one drug resistant cancer cell line, LoVo/DX, was tested, 

and the resistance index (RI) values were calculated, as described in Materials and Methods 

and presented in Table 2-1. However, none of the derivatives was able to overcome the 

drug resistance of the LoVo/DX cell line, indicated by RI values ranging from 6.7 to 278. 

Comparison of IC50 values between cancer cell lines and normal murine fibroblasts 

(BALB/3T3) was made to calculate the Selectivity Index (SI) as an initial indication of the 

compound’s therapeutic potential (Figure 2-2). Standard cancer chemotherapeutics utilized 

in this study (doxorubicin and cisplatin) are characterized by very low SI values < 1 (with 

the exception of doxorubicin on ALL-5, SI = 4.2 and on LoVo, SI = 1.8). The majority of 

double- and triple-modified analogues as well as their precursors showed favorable SI > 

1.0 towards ALL-5 cells and A549, MCF-7 and LoVo cell lines. The exceptions are 

compounds: 4 on A549 and MCF-7; 10 on A549 and MCF-7; 13 on MCF-7; 19 on all cells 

studied. A beneficial SI on LoVo/DX cell line was observed only for compounds 3 and 13. 

In general, the parent (unmodified) colchicine is characterized by higher SI values than 

doxorubicin and cisplatin (except doxorubicin on the LoVo cell line). Despite that, the 

following analogues showed higher SI values than parent colchicine: 2, 3, 8, 12 on ALL-

5; 2, 3, 5–9, 11–18, 20 on A549; 2, 3, 12, on MCF-7; 2–18, 20 on LoVo; 2, 3, 5, 6, 8, 9, 

12–16, 18 on LoVo/DX. This is important since high SI values result from large differences 
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between the cytotoxicity against cancer versus normal cells, which might indicate that 

cancer cells will be affected to a greater extent than normal cells. 

 

 

Figure 2-2. Comparison of selectivity index (SI) values for the tested compounds. SI was 

calculated for each compound using the formula: SI = IC50 for normal cell line BALB/3T3/IC50 

for respective cancerous cell line. A beneficial SI > 1.0 indicates a drug with efficacy against 

tumor cells greater than the toxicity against normal cells. 

 

2.3.3 The effect of colchicine and its double- and triple-modified 

analogues on cell cycle progression in ALL-5 and MCF-7 cells 

In order to further investigate the mechanism behind the favorable activity of 

colchicine (1) and its analogues towards primary ALL-5 cells, we assessed DNA content 

and DNA fragmentation via flow cytometry. Specifically, propidium iodide staining was 

employed to determine DNA content and cells with sub-G1 (<2N) DNA were assessed as 

dead. Primary ALL-5 cells were treated for 24, 48 or 72 h with unmodified 1, the most 

active synthesis precursors 2 and 12 (characterized by the lowest IC50 values, see Table 
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2-1) as well as double- and triple-modified analogues (4–8 and 17, respectively), each at 

concentrations equal to 5 × IC50 values. Treatment with 0.1% DMSO (vehicle) or 0.2 µM 

DX at equivalent time intervals served as negative and positive controls, respectively. For 

the full set of representative cytograms, see (Appendix A, Figure A10.A). A graphical 

representation of cells in different phases of the cell cycle has been summarized from the 

mean of 3 experiments and presented in Figure 2-3A. Statistically significant increases in 

sub-G1 DNA content were observed after 48 h of treatment with all of the compounds and 

further increased after 72 h (Figure 2-3A, orange bars). However, double-modified 

analogues 5, 8 and synthesis precursor 12 induced DNA fragmentation more rapidly, as 

indicated by significant sub-G1 DNA after 24 h. The increase in sub-G1 DNA (Figure 

2-3A, orange bars) coincided with a decrease of the pool of cells in the G1 phase of the cell 

cycle (Figure 2-3A, green bars), suggesting that in response to treatments ALL cells in G1 

were susceptible to death. Since 1 is typically considered to induce cell death in the M 

phase [59], it was of interest to investigate whether it, and the novel analogues, caused 

mitotic arrest in these cells. As shown in Figure 2-3A (red bars) the total amount of cells 

in the G2/M phases (4N DNA) was maintained at a relatively low level throughout, with a 

maximum of 20%, and no evidence of overt mitotic arrest was observed. Thus it appears 

that 1 and the analogues developed here induce death of primary ALL cells directly from 

the G1 not M phase, a finding consistent with previous results where we reported that two 

other microtubule destabilizing agents, vincristine and eribulin, exhibited this same 

property [60]. In contrast, when tested in MCF-7 cells, treatment with 1 and its analogues 

caused mitotic arrest, as indicated by accumulation of cells with 4N DNA (Figure 2-3B, 

red bars; Appendix A, Figure A10.B). Noteworthy also was the lack of significant sub-G1 

DNA in treated MCF-7 cells, suggesting delayed death kinetics after arrest, or that they 

may die through a mechanism independent of DNA fragmentation, perhaps due to caspase-

3 deficiency [61].  



 

 

48 

 

 

Figure 2-3. ALL-5 (A) or MCF-7 (B) cells were treated with DMSO (vehicle), 1, or its selected 

double- and triple-modified analogues for 24, 48 or 72 h and subjected to propidium iodide 

staining and flow cytometry. Percent of cells observed in different phases of cell cycle, 

determined by PI staining, is shown. Data are presented as a mean ± SD (n = 3 for all ALL-5 

time points and MCF-7 at 72 h; for MCF-7 at 24 and 48 h, n = 1) P < 0.0001, P < 0.001, P < 
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0.01, *P < 0.05 control versus dose. See (Appendix A, Figure A9) for a full set of representative 

cytograms. 

 

2.3.4 The effect of colchicine, double-modified analogue 7 and triple-

modified analogue 17 on PARP cleavage in primary ALL-5 cells 

In order to further assess apoptotic cell death we investigated poly (ADP-ribose) 

polymerase (PARP) cleavage by immunoblotting. Primary ALL-5 cells were treated with 

parent colchicine (1) or the most active double- or triple-modified analogues (based on the 

lowest IC50 values, Table 2-1), namely compounds 7 and 17, respectively, for 24 and 48 h. 

Treatment with 0.1% DMSO (vehicle) or 0.2 µM DX represented negative and positive 

controls, respectively. Representative immunoblots are shown in Figure 2-4A and 

quantitation of PARP band intensities in Figure 2-4B. All of the studied compounds 

induced loss of 116 kDa PARP over 48 h (Figure 2-4A, top panel and Figure 2-4B). The 

characteristic 85 kDa product of PARP degradation can be clearly observed for each 

treatment condition with 1 and its analogues. Treatment of ALL-5 cells with DX also 

induced PARP cleavage as we previously reported [62,63]. Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used as a loading control (Figure 2-4A, lower panel). 



 

 

50 

 

 

Figure 2-4. (A) Cleavage of PARP. ALL-5 cells were treated with 43 nM compound 1, 23 nM 

compound 7, 45 nM compound 17, 0.2 µM doxorubicin (DX), or 0.1% DMSO (vehicle) for 

the times indicated, and extracts were prepared and subjected to immunoblotting for PARP. The 

intact (116 kDa) and cleaved (85 kDa) forms of PARP are shown. GAPDH was used as a 

loading control. Images were quantified by measuring the band intensity using ImageJ software. 

(B) Bar diagram showing the fold changes of PARP normalized to GAPDH. Data represented 

as mean ± S.D. of three independent determinations (n = 3); 24 h treatment was compared with 

48 h for respective compound. **P < 0.005, *P < 0.05. 
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2.3.5  Molecular docking 

The primary mechanism of microtubule inhibitors involves binding to tubulin. 

Tubulin heterodimers composed of tightly bound α and β tubulin monomers are the 

building blocks of microtubules, which are major components of the cytoskeleton of 

eukaryotic cells. Bundles of microtubules form mitotic spindles and hence are 

indispensable for cell division. Colchicine binds to β-tubulin, which results in microtubule 

destabilization since colchicine-bound dimers are assembly incompetent. Although most 

eukaryotic cells can express multiple isotypes of β tubulin, βI is typically the most highly 

expressed and most popular target for drug binding [64]. Molecular docking was applied 

to predict the binding affinity of the new colchicine derivatives described in this chapter 

with the colchicine-binding pocket of βI tubulin (Figure 2-5, Table 2-2) [65].  

 

Figure 2-5. A. The colchicine derivatives numbered 6, 17, 14, 5 and 7 show the strongest 

binding energies of −9.30, −9.30, −9.20, −8.78 and −8.70 kcal/mol, sequentially, unmodified 

colchicine added to the picture in white for comparison. B. compounds 13 and 19 have the 

highest binding energies, −6.90 and −7.05 kcal/mol, colchicine is added in blue. 

 

Based on binding energies of the docking results, 13 out of 19 modification on 

colchicine, resulted in the lower binding energies compared to that of the unmodified 

colchicine, namely 2–9, 12, 14 and 16–18. All the double-modified compounds except 10 

and all the triple-modified ones except 15, 19 and 20 show stronger interactions than 

colchicine alone. Based on the IC50 values obtained from cytotoxicity experiments, 
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described in section 2.2, the most active synthetic precursors are 2, 12, 4–8, 14 and 17, 

respectively. 

While in agreement with compounds 4 to 8 having the highest potency toward the 

investigated cell lines, the binding energies of compounds 5 to 7 show the lowest values 

but not in the same order. Compound 6 with −9.30 kcal/mol has the lowest binding energy 

and compounds 5 and 7 with values of −8.78 kcal/mol and −8.70 kcal/mol come after. 

Compounds 4 and 8 also have stronger binding energies, −8.30 and −8.25 kcal/mol, 

respectively compared with the unmodified colchicine, −8.09 kcal/mol. 

Based on the in silico results, Compounds 17 and 14 with a triplet modification 

have the shared first and second position of the lowest binding energies of modified 

derivatives, −9.30 and −9.20 kcal/mol, respectively. As previously described, the above-

mentioned compounds also show two of the highest potency with regards to the LoVo, 

LoVo/DX, A549 and MCF-7 cell lines. 

Compounds 15, 16 and 18 also show strong activity toward LoVo, LoVo/DX, A549 

cell lines, although just compounds 16 and 18 were reported with the binding energy values 

lower than that for colchicine, i.e. −8.30 kcal/mol. 
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Table 2-2. Summary of the calculated binding energies for the interactions between βI tubulin 

and N-deacetylthiocolchicine and 4-iodo-N-deacetylthiocolchicine analogues, the values of 

compounds’ Moriguchi octanol-water partition coefficient (MlogP), which have been 

investigated in this chapter. The active residues (residues interacting with each ligand via 

hydrogen bonding or π-interactions) in the binding pocket of βI tubulin are listed in the last 

column. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Consistent with the in vitro cytotoxic activity experiment results, compounds 13 

and 19 have been found to have the highest binding energies, −6.90 and −7.05 kcal/mol. 

None among the 2, 3, 11 and 12 compounds that show high potency toward 

different cell lines are amongst compounds with the lowest binding energies group. It is 

worth noting that except compound 11 that has a higher binding energy than −8.09 the rest 

of the compounds still have stronger binding energies, −8.13, −8.25 and −8.13 kcal/mol 

respectively, than the binding energies of unmodified colchicine compounds. 

To sum up, as predicted by our in silico calculations, we conclude that the 

colchicine derivatives numbered 6, 17, 14, 5 and 7 show the strongest binding energies of 

−9.30, −9.30, −9.20, −8.78 and −8.70 kcal/mol, respectively. 

The two Met 259 and Lys 352 residues present in the binding pocket of βI tubulin 

are most strongly involved in the ligand-tubulin interactions. Met 259 and Lys 352 residues 
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mostly interact with the hydrogen of C-20 (side chain H-acceptor) and oxygen of the 

carbonyl group (side chain H-donor) on ring C of the new colchicine derivatives, 

respectively. Previous research showed that substituting the N-acetyl group with an 

aliphatic, straight-chain acyl moiety group or an aromatic group on the acetamido group of 

the B ring might show some strong hydrophobic interactions with β tubulins. However, for 

example, adding hydrophilic ether function to the chain of the acetamido group can 

decrease the compound’s hydrophobicity [20,66]. Table 2-3 and Table A2 depict these 

interactions (see Table A1. for 2D-ligand-protein interactions representation). 

 

In the 2D ligand-protein interactions scheme, see Table A1, greasy residues, which 

do not have a polar or charged sidechain, are shown in green. These residues are more 

likely to show hydrophobic interactions either with other protein residues or ligands. A 

proximity contour, shown as a dashed line, shows how deep a ligand is buried in the 

receptor cavity and if the ligand is surrounded by greasy residues, the most probable 

interactions between the ligand and greasy residues are hydrophobic reactions. The other 

parameter that plays a key role in the hydrophobic reactions is the ligand and receptor 

exposure, which shows the exposed part of a ligand or a residue to the water. 

In the case of compound 6 and 16, an aromatic functional group was substituted in 

the C-7 position that might induce the hydrophobic interactions between aromatic rings 

and greasy residues and result in a stronger interaction with βI tubulin. According to the in 

vitro cytotoxic activity experiments reported here, compound 6 has 5 and 4 times smaller 

IC50 values toward ALL-5 and LoVo cell lines than the IC50 values for compound 16, 

respectively. Here, in the computational part, compound 6 also shows the lowest binding 

energy among the novel colchicine derivatives. It should be emphasized that while 

Table 2-3. Exemplary 3D representations of the interactions between βI tubulin, colchicine 

and its derivatives (7 and 17). 



 

 

55 

 

compound 16 has a binding energy which is weaker than that for colchicine, the novel 

derivative is not in the group of top 5 compounds with the lowest binding energies. A side-

by-side analysis of the 2D ligand-protein interactions schemes of compounds 6 and 16 

shows that the aromatic group of compound 6 unlike that for compound 16, is close to the 

proximity contour and deep in the receptor cavity, which might increase its hydrophobic 

interactions with hydrophobic side chains of the residues such as Ala 317, Leu248 and 

Leu252. For compound 16, however, the blue circle around the aliphatic carbons represents 

the exposure of water to the functional group. 

To investigate in more detail the non-bonded interactions of compound 6, a contact 

preference map, electrostatic feature maps and the protein-ligand interaction fingerprints 

(PLIF) based on surface contact interactions were calculated (see Table A-1). The data 

illustrate that Leu248 and Leu252 present hydrophobic interactions with an aromatic 

functional group in the C-7 position that might result in stronger binding energy with βI 

tubulin and a lower value of IC50 again for ALL-5 and LoVo cell lines. 

Triple-modified compound 17 also has the highest binding energy and shares the 

first position in terms of the lowest binding energies for the modified derivatives. The 

binding energy of double-modified compound 7 also has the last position in the top 5 

compounds with the lowest binding energies. Replacing the methyl group of acetamido 

group on carbon 7 on the B ring with ethyl group in compounds 7 and 17 improves the 

strength of their binding energies significantly. Based on the 3D ligand-protein interactions 

scheme, , the rings C and B of both compounds are in the same poses. Met259 has a 

sidechain H-acceptor with the hydrogen of carbon 20 on ring C and Lys352 has a sidechain 

H-donor with the oxygen of carbonyl on the same ring. The residues that interact with ring 

A of compound 17 and 7, however, are different and this might be the reason for the 0.6 

kcal/mol difference between their binding energies. 

Compound 14 ranks in the second position among the compounds with the 

strongest interaction with βI tubulin. Adding hydrophilic ether groups to the chain of a 

functional group can decrease the hydrophobicity, so theoretically the binding energies of 

compound 4 and 14 should be lower than those for compound 7 and 17. The binding energy 

of compound 4 is still lower than that for colchicine, but is not among the best modified 

compounds. To our surprise, the binding energy for compound 14 is almost as good as 
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those for compounds 6 and 17. A possible explanation of this finding could be that the 

interaction between the iodine atom at carbon atom 4 of ring A and Ala 317 put the 

modified functional group of ring B in a position that can have a sidechain H-acceptors 

interacting with Lysine 352, a residue with an electrostatically-charged side chain, and 

Methionine 259. The above-mentioned interactions cause the added ether group to be less 

exposed to water and buried deeper into the cavity. It should be recalled that the IC50 values 

for compounds 17 and 14 are almost the same for the MCF-7, A549 and LoVo cell lines. 

Compound 5 is placed in the third position among the top 5 tubulin-binding 

compounds. Despite the fact that in both compounds 5 and 15, methyl of acetamido group 

is replaced with 3-chloropropyl, the binding energies of double-modified, ligand 5, and 

triple-modified, ligand 15, are different as are their values of IC50 against all of the cell 

lines investigated here. Either in experimental or theoretical results, compound 5 shows to 

be a more desirable novel derivative than compound 15. In a side-by-side comparison of 

the 2D interaction scheme for compound 5 and 15, it can be found that sulfur of the 

Cysteine residue exhibits an interaction with sulfur of the substituted functional group on 

ring B for compound 5. It is worth noting, that the interaction between sulfurs is not a 

disulfide bridge due to the fact that the two sulfurs are 3.68 Å apart which is longer than 

2.05 Å of the disulfide bond length and hence can be categorized as a weak sulfur-sulfur 

interaction. Compound 15 has weaker binding energies than compound 5 even though it 

has a few hydrogen donors and acceptors interacting with residues, Lys352, Met259, 

Ala250, Lys 254 and Cys 241. The sidechain hydrogen acceptor interaction between 

Cys241 and hydrogen of carbon 7 in the 4-iodosubstitued compound is caused by inducing 

electronegativity on the ortho position of the subtitled iodine. This effect, puts the 

functional group of ring B in a position that is more exposed to water and hence engages 

in stronger hydrophilic interactions. The 3D molecular electrostatic potential map included 

in Table 2-4 shows a larger negative charge cloud over the oxygen of the ether group in the 

ortho position of iodine on the A ring. In compound 5, the modified functional group is 
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positioned in the receptor cavity and has less interface with water, which leads to a stronger 

interaction with the binding pocket of βI tubulin. 

 

Consistent with experimental data, compound 13 and compound 19 are the weakest 

modified derivatives of colchicine that interact with βI tubulin. To investigate in detail the 

poor performance of compound 13, 3D molecular electrostatic potential maps for 

compounds 3 and 13 were created for comparison. As is illustrated in Table 2-4, there is 

an enlarged negative charge cloud around the substituted iodine on carbon 4 of ring A and 

the ether group in its ortho position. The intensified negative charge on ring A enhanced 

the hydrophilic interaction of ring A with water and resulted in weaker binding energies 

with βI tubulin. 

A comparison of 2D and 3D interaction schemes between compound 9 and 19 in 

Table A1 and Table A2 shows that the only differences in their poses are the positions of 

their long hydrophobic aliphatic chains. The long functional group on ring B of compound 

9 is surrounded by greasy residues and might result in an increased hydrophobic 

interaction, which might also explain higher cytotoxicity of compound 9 in comparison to 

compound 19. It should be noted that long hydrophobic aliphatic chains can cause a steric 

effect which could jeopardize the cytotoxic activity of the novel derivatives, which is 

particularly confirmed by experimental data of compound 19. 

To provide a comparison between the computational and experimental results, 

linear regression coefficients were calculated. However, in numerous cases, the binding 

affinity alone is insufficient to arrive at a close correlation between the results of biological 

assays (and the values of IC50 given by them) and the binding free energies between the 

Table 2-4. 3D molecular electrostatic potential maps of compound 3 and 13 and 15. The 

blue color represents negative charges and the red color represents positive charges. 
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ligands and their protein targets obtained from docking computations. In order to account 

for the novel compounds’ properties other than the affinity for the target, the Moriguchi 

octanol-water partition coefficients (MLogP) were calculated. MlogP is a useful factor to 

estimate and compare the distribution of drugs within biological systems such as the human 

body. 

Thus, the two independent variables chosen in the compounds' characterization 

have been: MlogP values and the binding free energies with the tubulin βI isotype. Linear 

regression between IC50 values and these two variables was then performed and analyzed. 

A value of 0.5 is a good regression coefficient that has been found using this method for 

log IC50 of BALB/3T3 and LoVo cell lines. An acceptable value of 0.4 was obtained for 

LoVo/DX cell lines and the binding affinities for our compounds and tubulin βI isotype. 

The regression coefficient values obtained for the MCF-7, A549 and ALL-5 cell lines are 

very low. This may be due to off-target interactions, P-glycoprotein-based efflux of these 

compounds or additional complexities involved in the response of these cells to the 

compounds tested. 

To take into account the fact that, regardless of their redundancy, all tubulin 

isotypes are expressed in a cell-based assay, the interaction energies involving the novel 

derivatives and the remaining isotypes of tubulin, namely: βIIa, βIIb, βIII, βIVa, βIVb, and 

βVI were calculated using the same docking method and comparisons of experimental data 

with computational results were made. It is worth noting that the ALL-5 cell line shows an 

acceptable linear regression coefficient 0.4 with βIIa and βVI isotypes (see Table 2-5). Low 

values of regression coefficients have been found for the remaining tubulin isotypes. While 

these biological assays include millions of cells in a culture, computational work only 

focuses on a single protein at a time and its interaction with the pharmacological agent 

binding to it. Other biopharmaceutical properties should also be taken into account when 

theoretical and experimental results are compared. The upregulation of MDR proteins that 

act as efflux pumps for the tested compounds may be the main reason for some 

discrepancies between computation and experiment. Another possibility could involve off-

target interactions whereby not only tubulin but also other proteins present in the tested cell 

lines bind these compounds lowering their measured potency. 
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Table 2-5. The docking binding free energy values for the ligand-tubulin complexes and the 

MlogP predicted values for the ligands are two independent variables in the linear regression 

calculations with log IC50 [nM] for different cancer cell lines. The bolded value indicates the 

highest linear regression values. 

 

 

 

 

 

 

 

 

2.4 Conclusions 

We synthesized and characterized a set of 7-deacetyl-10-thiocolchicine and 4-iodo-

7-deacetyl-10-thiocolchicine analogues. In total 19 colchicine derivatives, including 13 

novel amide derivatives, were developed with moderate to good yields. Most of the 

derivatives showed activity against primary leukemia ALL-5 and established cancer cell 

lines (MCF-7, LoVo, LoVo/DX) in the low nanomolar range. In general, we conclude that 

7-deacetyl-10-thiocolchicine analogues were more active towards ALL-5 cells while 4-

iodo-7-deacetyl-10-thiocolchicine analogues were slightly more active toward the LoVo 

cell line. Most of the synthesized compound showed favorable selectivity index values, 

especially for ALL-5 and LoVo cell lines. Cell cycle progression studies revealed that 

colchicine and its derivatives induce death of primary ALL cells directly from G1 phase, 

as do other microtubule destabilizing agents such as vincristine and eribulin. In contrast, a 

lack of sub-G1 DNA after treatment of MCF-7 cells suggests delayed death kinetics after 

mitotic arrest. In silico calculations demonstrated that colchicine derivatives 6, 17, 14, 5 

and 7 show the strongest binding energies of −9.30, −9.30, −9.20, 8.78 and −8.70 kcal/mol, 

respectively. These also exhibited very low nanomolar IC50 values in experimental assays. 

Favourable linear regression coefficients (R2 = 0.5) were obtained for βI tubulin and LoVo 

as well as BALB/3T3 cell lines emphasizing the utility of molecular docking methodology 

for anticancer drug development.  
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3.1 Introduction 

Microtubules, present in all eukaryotic cells, are cylindrical polymers composed of 

α/β-tubulin heterodimers. They are involved in a wide range of key cellular processes, such 

as the maintenance of cellular morphology and the active motor transport of cellular 

components throughout the cytoplasm [1]. Another essential role microtubules play is the 

formation of mitotic spindles and force generation during mitosis with the purpose of 

separating chromosomes [2]. A failure within this mitotic spindle apparatus leads to mitotic 

arrest and eventually apoptosis. This results in cell death, which is a desirable outcome for 

cancer cells, but not for healthy tissues. With the objective of promoting the former and 

avoiding the latter effect, microtubules have become the target for a large number of 

antimitotic agents that act by either favoring or inhibiting microtubule polymerization by 

binding at specific sites on the exposed surface of α/β-tubulin heterodimers [3-7]. Although 

there are multiple distinct binding sites on a tubulin heterodimer, β-tubulin is the main 

binding partner for all major microtubule-targeting drug families [8-10]. 

Among them colchicine (1), a well-known tropolone alkaloid isolated from 

Colchicum autumnale, is of particular interest due to its powerful antimitotic properties. It 

has played an important role in studies of mitosis and the therapeutic potential of using the 

colchicine binding site on β-tubulin in chemotherapy applications has generated much 

interest [5-7,11-16]. However, colchicine itself as well as many of its derivatives, have not 

yet been used as successful drugs in long-term treatment because of their detrimental side 

effects [6,7,11]. Up to now, many structure-activity relationship studies have been 

performed to elucidate the structural features required for tubulin binding. These studies 

have demonstrated great importance of the 9-keto function and the methoxy groups at C-

1, C-2, and C-10 as well as the importance of stereochemistry of the 7-acetamido center, 

which is critical for antimitotic activity. Ring B appears to be responsible for the 

irreversible nature of colchicine binding to tubulin, although it may also contribute to its 

toxic effects [11,17]. Therefore, currently much interest has focused on structural 

modification of 1 in the hope of improving its anticancer activity [18-33]. 
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In 2011 Yasobu et al. published results of their studies on C-4 halogen substituted 

colchicine derivatives [32]. On the evaluation of cell-growth inhibitory activity using mice 

transplanted with the HCT116 human colorectal carcinoma cell line, some of the 

derivatives exhibited less toxicity in mice and more potent cell-growth inhibitory activity 

than 1. Moreover, another colchicine derivative with thiomethyl group at C-10 called 

thiocolchicine, is also a potent inhibitor of tubulin polymerization and cell growth, and 

binds to tubulin more rapidly than colchicine [34-36]. Thiocolchicine is not only easily 

available from colchicine after treatment with sodium methanethiolate, but also is more 

stable, which allows for using harsher reaction conditions without formation of isomers. 

Inspired by these reports, we decided to verify how double modification in C-4 and 

C-10 positions influences the activity and selectivity of colchicine. Below, we report the 

synthesis and spectroscopic analysis of a series of seven compounds, of which three are 

entirely novel compounds synthesized for the first time. We also provide an evaluation of 

these derivatives as cytotoxic, tubulin-targeting agents. The antiproliferative effect of 

seven colchicines derivatives (2–8) was tested in vitro using four cancer cell lines and one 

normal murine embryonic fibroblast cell line. To better understand the interactions 

between these colchicine derivatives and various isotypes of β-tubulin, we investigated 

potential binding modes of novel double-modified derivatives, 4-halocolchicines as well 

as colchicine docked into the colchicine binding site (CBS) of eight different isotypes of 

β-tubulin using AutoDock4 software (version 2018.2.0, Tableau Research, Standford 

University, Seattle, WA, USA) under flexible ligand and rigid receptor condition. A 

detailed discussion regarding differences between the structures of the synthesized 

compounds and their ability to form complexes with the CBS is provided below. 

 

3.2 Materials and Methods 

3.2.1  General 

All precursors for the synthesis and solvents were obtained from Sigma-Aldrich 

(Merck KGaA, Saint Louis, MO, USA) and were used as received without further 

purification. CDCl3 spectral grade solvent was stored over 3 Å molecular sieves for several 

days. Thin layer chromatography was carried out on precoated plates (TLC silica gel 60 
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F254, Aluminum Plates Merck (Merck KGaA Saint Louis, MO, USA)) and spots were 

detected by illumination with an ultra-violet (UV) lamp. All the solvents used in flash 

chromatography were of HPLC grade (CHROMASOLV from Sigma-Aldrich, Merck 

KGaA, Saint Louis, MO, USA) and were used as received. The elemental analysis of 

compounds was carried out on Vario ELIII (Elementar, Langenselbold, Germany). 

 

3.2.2 Spectroscopic Measurements 

The 1H, 13C spectra were recorded on a Varian VNMR-S 400 MHz spectrometer 

(Varian, Inc., Palo Alto, CA, USA). 1H NMR measurements of 2–8 (0.07 mol dm−3) in 

CDCl3 were carried out at the operating frequency 402.64 MHz. The error of the chemical 

shift value was 0.01 ppm. The 13C NMR spectra were recorded at the operating frequency 

101.25 MHz. The error of chemical shift value was 0.1 ppm. All spectra were locked to 

deuterium resonance of CDCl3. The 1H and 13C NMR spectra are shown in the Appendix 

B. 

The FT-IR spectra of 2–8 in the mid-infrared region were recorded in KBr pallet. 

The spectra were taken with an IFS 113v FT-IR spectrophotometer (Bruker, Karlsruhe, 

Germany) equipped with a deuterated triglycine sulfate detector (DTGS) detector; 

resolution 2 cm–1, NSS = 64. The Happ-Genzel apodization function was used. 

The ESI (Electrospray Ionization) mass spectra were recorded also on a 

Waters/Micromass (Waters Corporation, Manchester, UK) ZQ mass spectrometer 

equipped with a Harvard Apparatus syringe pump. The samples were prepared in dry 

acetonitrile (5 × 10−5 mol dm−3). The sample was infused into the ESI source using a 

Harvard pump at a flow rate of 20 mL min−1. The ESI source potentials were: capillary 3 

kV, lens 0.5 kV, extractor 4 V. The standard ESI mass spectra were recorded at the cone 

voltages: 10 and 30 V. The source temperature was 120°C and the desolvation temperature 

was 300°C. Nitrogen was used as the nebulizing and desolvation gas at flow-rates of 100 

dm3 h−1. Mass spectra were acquired in the positive ion detection mode with unit mass 

resolution at a step of 1 m/z unit. The mass range for ESI experiments was from m/z = 100 

to m/z = 1000, as well as from m/z = 200 to m/z = 1500. 



 

 

72 

 

3.2.3 Synthesis 

Synthesis of 2 

To a mixture of 1 (500 mg, 1.25 mmol) in MeOH/water (1/1, v/v, 5 mL), the sodium 

methanethiolate (21% in H2O, 0.83 mL, 2.5 mmol) was added. The mixture was stirred in 

at RT for 72 h. Reaction time was determined by TLC. After that time, the reaction mixture 

was quenched by the addition of water (150 mL). The whole mixture was extracted four 

times with CH2Cl2, and the combined organic layers were dried over MgSO4, filtered, and 

evaporated under reduced pressure. The residue was purified by CombiFlash® 

(hexane/EtOAc (1/1), then EtOAc/MeOH, increasing concentration gradient) to give 2 

with yield 78% [34]. 

The synthesis of compounds 4, 6 and 8 was carried out analogously to the above 

starting respectively from the compounds 3, 5 and 7. 

Compound 2, 1H-NMR (403 MHz, CDCl3) δ 7.92 (s, 1H), 7.46 (s, 1H), 7.33 (d, J 

= 10.4 Hz, 1H), 7.10 (d, J = 10.5 Hz, 1H), 6.55 (s, 1H), 4.72–4.64 (m, 1H), 3.95 (s, 3H), 

3.91 (s, 3H), 3.67 (s, 3H), 2.54 (dd, J = 13.0, 5.8 Hz, 1H), 2.45 (s, J = 5.7 Hz, 3H), 2.43–

2.26 (m, 2H), 1.99 (s, 3H), 1.94 (dd, J = 11.8, 5.5 Hz, 1H) ppm; 13C-NMR (101 MHz, 

CDCl3) δ 182.4, 170.0, 158.1, 153.6, 151.8, 151.1, 141.6, 138.6, 134.8, 134.4, 128.3, 126.7, 

125.6, 107.3, 61.6, 61.4, 56.1, 52.3, 36.4, 29.9, 22.8, 15.1 ppm. FT-IR (KBr pellet): 3283, 

2935, 1660, 1605, 1541, 1485, 1461, 1425, 1404, 1349, 1321, 1286, 1236, 1195, 1155, 

1138, 1095, 1023 cm−1. ESI-MS (m/z): [M + H]+ calcd. 416, found 416, [M + Na]+ calcd. 

438, found 438, [M + K]+ calcd. 454 found 454, [2M + Na]+ calcd. 853, found 853, [3M + 

Na]+ calcd. 1268, found 1268. 

Compound 4, Amorphous yellow solid. 1H-NMR (403 MHz, CDCl3) δ 7.98 (d, J = 

6,7 Hz, 1H), 7.44 (s, 1H), 7.26 (d, J = 10.3 Hz, 1H), 7.08 (d, J = 10.8 Hz, 1H), 4.58 (dt, J 

= 13.1, 6.7 Hz, 1H), 3.98 (s, 3H), 3.96 (s, 3H), 3.61 (s, 3H), 3.24 (dd, J = 13.5, 4.8 Hz, 1H), 

2.44 (s, 3H), 2.27 (ddd, J = 18.0, 12.1, 6.0 Hz, 1H), 2.14 (td, J = 13.4, 6.2 Hz, 1H), 2.00 (s, 

3H), 1.92–1.80 (m, 1H); 13C-NMR (101 MHz, CDCl3) δ 182.4, 170.1, 159.1, 151.3, 150.2, 

149.7, 146.6, 137.3, 134.8, 131.7, 129.9, 128.1, 126.4, 122.1, 61.6, 61.5, 61.1, 52.2, 34.5, 

25.9, 22.8, 15.1 ppm. FT-IR (KBr pellet): 3290, 2936, 1661, 1608, 1550, 1464, 1413, 1349, 

1327, 1288, 1267, 1197, 1140, 1086, 1023 cm−1. ESI-MS (m/z): [M + H]+ calcd. 450, found 

450, [M + Na]+ calcd. 472, found 472, [2M + H]+ calcd. 889, found 889, [2M + Na]+ calcd. 
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921, found 921. Anal. Calcd. for C, 58.73; H, 5.38; Cl, 7.88; N, 3.11; O, 17.78; S, 7.13; 

found: C, 58.61; H 5.35; Cl, 7.93; N, 3.01; S, 7.25. 

6, Amorphous yellow solid. 1H-NMR (403 MHz, CDCl3) δ 7.68 (d, J = 6.6 Hz, 

1H), 7.42 (s, 1H), 7.26 (d, J = 9.6 Hz, 1H), 7.08 (d, J = 10.8 Hz, 1H), 4.61–4.52 (m, 1H), 

3.99 (s, 3H), 3.97 (s, 3H), 3.63 (s, 3H), 3.27 (d, J = 8.0 Hz, 1H), 2.45 (s, 3H), 2.25 (dt, J = 

13.4, 7.9 Hz, 2H), 2.01 (s, J = 1.6 Hz, 3H), 1.85 (dd, J = 6.7, 4.1 Hz, 1H) ppm; 13C-NMR 

(101 MHz, CDCl3) δ 182.4, 170.0, 159.2, 151.2, 151.0, 150.4, 146.6, 137.4, 134.8, 133.4, 

130.2, 128.1, 126.3, 113.5, 61.6, 61.5, 61.0, 52.2, 34.5, 29.0, 22.9, 15.2 ppm. FT-IR (KBr 

pellet): 3267, 2930, 1659, 1603, 1559, 1462, 1410, 1347, 1138, 1074, 1053, 1014 cm−1. 

ESI-MS (m/z): [M + H]+ calcd. 494, found 494, [M + 2 + H]+ 496, found 496, [M + Na]+ 

calcd. 516, found 516, [M + 2 + Na]+ calcd. 518, found 518, [2M + H]+ calcd. 989, found 

989, [2M + 2 + H]+ calcd. 991, found 991, [2M + Na]+ calcd. 1011, found 1011, [2M + 2 

+ Na]+ calcd. 1013, found 1013. Anal. Calcd. for C, 53.45; H, 4.89; Br, 16.16; N, 2.83; O, 

16.18; S, 6.49; found: C, 53.56; H 4.81; Br, 16.28; N, 2.89; S, 6.55. 

8, Amorphous yellow solid. 1H-NMR (403 MHz, CDCl3) δ 7.75 (d, J = 6.9 Hz, 

1H), 7.42 (s, 1H), 7.25 (d, J = 10.3 Hz, 1H), 7.09 (d, J = 10.8 Hz, 1H), 4.58–4.50 (m, 1H), 

3.97 (s, 3H), 3.95 (s, 3H), 3.63 (s, 3H), 3.18 (dd, J = 13.7, 5.0 Hz, 1H), 2.46 (s, 3H), 2.40 

(dd, J = 13.6, 6.2 Hz, 1H), 2.32–2.23 (m, 1H), 2.01 (s, 3H), 1.85–1.79 (m, 1H); 13C-NMR 

(101 MHz, CDCl3) δ 182.4, 170.1, 159.1, 153.5, 151.4, 151.1, 145.6, 137.8, 136.8, 134.7, 

129.7, 128.1, 126.3, 92.2, 61.6, 61.4, 60.8, 52.1, 34.5, 34.4, 22.9, 15.2 ppm. FT-IR (KBr 

pellet): 3288, 2936, 1660, 1607, 1547, 1461, 1406, 1346, 1318, 1288, 1262, 1197, 1138, 

1081, 1019 cm−1. ESI-MS (m/z): [M + H]+ calcd. 542, found 542, [M + Na]+ calcd. 564, 

found 564, [M + K]+ calcd. 580, found 580. Anal. Calcd. for C, 48.81; H, 4.47; I, 23.44; 

N, 2.59; O, 14.78; S, 5.92; found: C, 48.67; H 4.55; I, 23.59; N, 2.64; S, 5.98. 

 

Synthesis of 3 

A mixture of N-chlorosuccinimide (175 mg, 1.31 mmol) and 1 (500 mg, 1.25 mmol) 

in acetonitrile was stirred at RT under nitrogen atmosphere for the 72 h. Reaction time was 

determined by TLC. The reaction was quenched with saturated aqueous Na2S2O3. The 

whole mixture was extracted four times with CH2Cl2, and the combined organic layers 
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were dried over MgSO4, filtered, and evaporated under reduced pressure. The residue was 

purified by CombiFlash® (EtOAc/MeOH, increasing concentration gradient) to give 3 with 

yield 75% [32]. 

1H-NMR (403 MHz, CDCl3) δ 8.29 (d, J = 6.2 Hz, 1H), 7.59 (s, 1H), 7.30 (d, J = 

10.7 Hz, 1H), 6.87 (d, J = 11.2 Hz, 1H), 4.60–4.49 (m, 1H), 4.01 (s, 3H), 3.97 (s, 3H), 3.95 

(s, 3H), 3.61 (s, 3H), 3.23 (dd, J = 13.7, 5.1 Hz, 1H), 2.31 (dq, J = 18.7, 6.2 Hz, 1H), 2.18–

2.09 (m, 1H), 1.96 (s, 3H), 1.93–1.82 (m, 1H) ppm; 13C-NMR (101 MHz, CDCl3) δ 179.5, 

170.2, 164.3, 152.0, 150.1, 149.7, 146.6, 135.8, 135.8, 131.7, 130.1, 129.8, 122.1, 112.5, 

61.5, 61.5, 61.1, 56.5, 52.7, 34.5, 25.8, 22.7 ppm. FT-IR (KBr pellet): 3256, 2935, 1663, 

1618, 1591, 1556, 1456, 1412, 1397, 1351, 1290, 1272, 1243, 1171, 1136, 1080, 1021 

cm−1. ESI-MS (m/z): [M + H]+ calcd. 434, found 434, [M + Na]+ calcd. 456, found 456, 

[2M + Na]+ calcd. 889, found 889. 

 

Synthesis of 5 

A mixture of N-bromosuccinimide (279 mg, 1.57 mmol) and 1 (500 mg, 1.25 

mmol) in acetonitrile was stirred at RT under nitrogen atmosphere for the 72 h. Reaction 

time was determined by TLC. The reaction was quenched with saturated aqueous Na2S2O3. 

The whole mixture was extracted four times with CH2Cl2, and the combined organic layers 

were dried over MgSO4, filtered, and evaporated under reduced pressure. The residue was 

purified by CombiFlash® (EtOAc/MeOH, increasing concentration gradient) to give 5 with 

yield 95% [32]. 

1H-NMR (403 MHz, CDCl3) δ 8.02 (s, 1H), 7.58 (s, 1H), 7.30 (d, J = 10.7 Hz, 1H), 

6.88 (d, J = 11.1 Hz, 1H), 4.59–4.49 (m, 1H), 4.03 (s, 3H), 3.99 (s, 3H), 3.96 (s, 3H), 3.63 

(s, 3H), 3.27 (dd, J = 13.0, 4.3 Hz, 1H), 2.26 (dd, J = 13.1, 5.2 Hz, 1H), 2.18 (d, J = 2.4 

Hz, 1H), 1.99 (s, 3H), 1.78 (s, 1H) ppm; 13C-NMR (101 MHz, CDCl3) δ 179.5, 170.2, 

164.4, 151.8, 151.1, 150.4, 146.6, 135.8, 135.7, 133.4, 130.2, 130.0, 113.5, 112.4, 61.5, 

61.5, 61.0, 56.5, 52.6, 34.5, 28.9, 22.8 ppm. FT-IR (KBr pellet): 3274, 2936, 1662, 1617, 

1589, 1565, 1462, 1411, 1398, 1350, 1270, 1250, 1172, 1137, 1080, 1018 cm−1. ESI-MS 

(m/z): [M + Na]+ calcd. 500, found 500, [M + 2 + Na]+ calcd. 502, found 502, [2M + 2 + 
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Na]+ calcd. 979, found 979, [2M + Na]+ calcd. 977, found 977, [2M + 4 + Na]+ calcd. 981, 

found 981. 

 

Synthesis of 7 

A mixture of N-iodosuccinimide (560 mg, 2.49 mmol) and 1 (500 mg, 1.25 mmol) 

in AcOH was stirred at 70°C under nitrogen atmosphere for the 20 h. Reaction time was 

determined by TLC. The reaction was quenched with saturated aqueous Na2S2O3. The 

whole mixture was extracted four times with CH2Cl2, and the combined organic layers 

were dried over MgSO4, filtered, and evaporated under reduced pressure. The residue was 

purified by CombiFlash® (EtOAc/MeOH, increasing concentration gradient) to give 7 with 

yield 95% [32]. 

1H-NMR (403 MHz, CDCl3) δ 8.22 (d, J = 5.6 Hz, 1H), 7.61 (s, 1H), 7.30 (d, J = 

10.7 Hz, 1H), 6.89 (d, J = 11.2 Hz, 1H), 4.55–4.47 (m, 1H), 4.04 (s, 3H), 3.97 (s, 3H), 3.95 

(s, 3H), 3.63 (s, 3H), 3.21–3.15 (m, 1H), 2.40 (dd, J = 12.7, 5.0 Hz, 1H), 1.99 (s, 3H), 1.87–

1.81 (m, 1H); 13C-NMR (101 MHz, CDCl3) δ 179.5, 170.2, 164.4, 153.4, 152.0, 151.4, 

145.6, 136.7, 136.2, 135.6, 130.1, 129.5, 112.5, 92.1, 61.5, 61.3, 60.7, 56.5, 52.6, 34.4, 

34.4, 22.7 ppm; FT-IR (KBr pellet): 3274, 2934, 1662, 1617, 1588, 1563, 1461, 1406, 

1393, 1346, 1318, 1266, 1249, 1171, 1136, 1078, 1015 cm−1. ESI-MS (m/z): [M + H]+ 

calcd. 526, found 526 [M + Na]+ calcd. 548, found 548. 

 

3.2.4  Antiproliferative activity of colchicine and its derivatives 

Four human cancer cell lines and one murine normal cell line were used to evaluate 

antiproliferative activity of colchicine and its derivatives: human lung adenocarcinoma 

(A549), human breast adenocarcinoma (MCF-7), human colon adenocarcinoma cell lines 

sensitive and resistant to doxorubicin (LoVo) and (LoVo/DX) respectively, and normal 

murine embryonic fibroblast cell line (BALB/3T3). The BALB/3T3 cell line was 

purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA), 

A549 and MCF-7 cell lines—from European Collection of Authenticated Cell Cultures 

(Salisbury, UK), LoVo cell line was purchased from the ATCC (ATCC, Manassas, VA, 

USA), and LoVo/DX by courtesy of Prof. E. Borowski (Technical University of Gdańsk, 
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Gdańsk, Poland). All the cell lines are maintained in the Institute of Immunology and 

Experimental Therapy (IIET), Wroclaw, Poland. Human lung adenocarcinoma cell line 

was cultured in mixture of OptiMEM and RPMI 1640 (1:1) medium (IIET, Wroclaw, 

Poland), supplemented with 5% fetal bovine serum (GE Healthcare, Logan, UT, USA) and 

2 mM l-glutamine (Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). Human breast 

adenocarcinoma cell line was cultured in mixture of Eagle medium (IIET, Wroclaw, 

Poland), supplemented with 10% fetal bovine serum, 2 mM l-glutamine, 8 μg/mL insulin 

and 1% amino-acids (Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). Human colon 

adenocarcinoma cell lines were cultured in mixture of OptiMEM and RPMI 1640 (1:1) 

medium (IIET, Wroclaw, Poland), supplemented with 5% fetal bovine serum (GE 

Healthcare, Logan UT, USA), 2 mM l-glutamine, 1 mM sodium pyruvate (Sigma-Aldrich, 

Merck KGaA, Saint Louis, MO, USA) and 10 μg/100 mL doxorubicin for LoVo/DX 

(Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). Murine embryonic fibroblast cells 

were cultured in Dulbecco medium (Life Technologies Limited, Paisley, UK), 

supplemented with 10% fetal bovine serum (GE Healthcare, Logan, UT, USA) and 2 mM 

glutamine (Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). All culture media 

contained antibiotics: 100 U/mL penicillin and 100 μg/mL streptomycin (Polfa-Tarchomin, 

Warsaw, Poland). All cell lines were cultured during entire experiment in humid 

atmosphere at 37°C and 5% CO2. Cells were tested for mycoplasma contamination by 

mycoplasma detection kit for conventional PCR: Venor GeM Classic (Minerva Biolabs 

GmbH, Berlin, Germany) and negative results was obtained. The procedure is repeated 

every year or in the case of less frequently used lines, after thawing. 

 

The antiproliferative assays in vitro 

Twenty-four hours before adding the tested compounds, all cell lines were seeded 

in 96-well plates (Sarstedt, Nümbrecht, Germany) in appropriate media with 104 cells per 

well. All cell lines were exposed to each tested agent at four different concentrations in the 

range 100–0.01 μg/mL for 72 h. Cells were also exposed to the reference drug cisplatin 

(Teva Pharmaceuticals Polska, Warsaw, Poland) and doxorubicin (Accord Healthcare 

Limited, Middlesex, UK). Additionally, all cell lines were exposed to DMSO (solvent used 
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for tested compounds) (POCh, Gliwice, Poland) at concentrations corresponding to those 

present in tested agents’ dilutions. After 72 h sulforhodamine B assay (SRB) was 

performed [37]. 

 

Sulforhodamine B assay (SRB) 

After 72 h of incubation with the tested compounds, cells were fixed in situ by 

gently adding of 50 μL per well of cold 50% trichloroacetic acid (TCA) (POCh, Gliwice, 

Poland) and were incubated at 4°C for one hour. Following, wells were washed four times 

with water and air dried. Next, 50 μL of 0.1% solution of sulforhodamine B (Sigma-

Aldrich, Merck KGaA, Saint Louis, MO, USA) in 1% acetic acid (POCh, Gliwice, Poland) 

were added to each well and plates were incubated at room temperature for 0.5 h. After 

incubation time, unbound dye was removed by washing plates four times with 1% acetic 

acid whereas stain bound to cells was solubilized with 10 mM Tris base (Sigma-Aldrich, 

Steinheim, Germany). Absorbance of each solution was read at Synergy H4 Hybrid Multi-

Mode Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA) at the 540 nm 

wavelength. 

Results are presented as mean IC50 (concentration of the tested compound, that 

inhibits cell proliferation by 50%) ± standard deviation. IC50 values were calculated in 

Cheburator 0.4, Dmitry Nevozhay software (version 1.2.0 software by Dmitry Nevozhay, 

2004–2014, http://www.cheburator.nevozhay.com, freely available) for each 

experiment [38]. Compounds at each concentration were tested in triplicates in single 

experiment and each experiment was repeated at least three times independently. Results 

are summarized in Table 3-1. The Resistance Index (RI) was defined as the ratio of IC50 

for a given compound calculated for resistant cell line to that measured for its parental drug 

sensitive cell line (Table 3-1). 

 

3.2.5 Molecular Docking Simulations 

A combination of different theoretical methods was used to explore ligand-tubulin 

interactions. The ligand structures were fully optimized based on the RHF/cc-pVDZ [39] 

level of theory in GAMESS-US version 2010-10-01 [40-42]. Since there is no crystal 
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structure available for human βI tubulin (TBB5_HUMAN), we obtained its sequence from 

UniProt (ID: Q13509). We used the tubulin structure 1SA0.pdb as a template to construct 

the homology model for βI tubulin using MOE2015. We then docked the small library of 

colchicine derivatives to the protein using the AutoDock4 program under flexible ligand 

and rigid receptor conditions (Table 3-2). AutoDock4 software (version 2018.2.0, Tableau 

Research, Standford University, Seattle, WA, USA) is designed to predict how drug 

candidates bind to a receptor of a known 3D structure and consists of two main programs: 

AutoDock performs the docking of the ligand to a set of grids describing the target protein; 

AutoGrid pre-calculates these grids. The estimated Moriguchi octanol-water partition 

coefficient, MlogP, of the compounds were calculated by ADMET Predictor 8.0 (ADMET 

Predictor, Simulations Plus, Lancaster, CA, USA). 

 

3.3 Results 

3.3.1 Chemistry 

The synthetic routes to colchicines derivatives 2–8 are outlined in Figure 3-1. 

Colchicine (1) was treated with sodium methanethiolate to give thiocolchicine (2) with 

yield 78% according to the previously described method [34]. 4-chlorocolchicine (3), 4-

bromocolchicine (5), and 4-iodocolchicine (7) were synthesized from 1 by treatment with 

NCS, NBS, and NIS with yields from 75% up to 95%, respectively, based on the methods 

developed earlier [32]. For 4-chlorocolchicine (3) and 4-bromocolchicine (5), the 

application of milder conditions, i.e., the replacement of acetic acid (the solvent) by 

acetonitrile followed by reacting at room temperature, also allowed to obtain the same final 

yields. Compounds 3, 5, 7 were then treated with sodium methanethiolate to give double-

modified derivatives (4, 6, 8) with yields from 71% to 75%.  
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Figure 3-1. Synthesis of colchicine derivatives (2–8). Reagents and conditions: (a) for 3, NCS, 

acetonitrile, RT; (b) for 5, NBS, acetonitrile, RT; (c) for 7, NIS, AcOH, 70°C; (d) MeOH/H2O, 

CH3SNa, RT.  

 

The structures of all products 2–8 were determined using the elemental analysis, 

ESI-MS, FT-IR, 1H- and 13C-NMR methods and are shown in (Appendix B). In the 13C-

NMR spectra of the 4-halo derivatives a resonance for the C-4 carbon atom of the A 

aromatic ring was observed at 122.1 ppm for 3, at 113.5 ppm for 5 and at 92.1 ppm for 7, 

while in 1 it was observed at 107.3 ppm. After the introduction of thiomethyl group in C-

10 positions shifts of the signal for the C-20 carbon atom in compounds 2, 4, 6 and 8 were 

observed in the range 15.1–15.2 ppm, while in unmodified 1 as well as 4-halo derivatives 

(3, 5, 7) shifts of the signal for the C-20 carbon atom were observed in the range 56.1–56.5 

ppm. 

 

3.3.2 In vitro Determination of Drug-Induced Inhibition of Human 

Cancer Cell Line Growth 

The synthesized colchicine derivatives (2–8) and starting material (1) were 

evaluated for their in vitro antiproliferative effect on normal and cancer cells. Each 

compound was tested on four human cancer cell lines, including one cell line displaying 

various level of drug resistance, namely human lung adenocarcinoma (A549), human 

breast adenocarcinoma (MCF-7), human colon adenocarcinoma cell line (LoVo) and 

doxorubicin-resistant subline (LoVo/DX). The antiproliferative effect was also studied on 

normal murine embryonic fibroblast cell line (BALB/3T3) for better description of 

cytotoxic activity of the compounds studied. The mean values of IC50 ± SD of the tested 
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compounds are collected in Table 3-1. To evaluate the agents’ activity against the cells 

with MDR (multidrug resistance) phenotype, one drug resistant cancer cell line, i.e., 

LoVo/DX, was tested and the indexes of resistance (RI) were calculated (see Table 3-1). 

The RI values indicate how many times more resistant is the subline in comparison to its 

parental cell line. 

All obtained derivatives with single modification at either the C-4 or C-10 position 

as well as double-modified compounds showed better antiproliferative activity against all 

tested cancer cell lines than unmodified 1 and some common chemotherapeutics such as 

doxorubicin and cisplatin. The IC50 values of novel 4-halothiocolchines are better than for 

single-modified colchicines in C-4 positions and remain at a level similar to the 

cytotoxicity of 2 for the A549 and MCF-7 cell lines. 

As many as three of the compounds tested on the LoVo cell line (6–8), including 

two novel double-modified derivatives (6,8), exhibited extremely high activity (IC50 = 

0.007–0.014 μM), which is even better than the activity of 2 (IC50 = 0.021 μM). During the 

tests on the doxorubicin-resistant subline (LoVo/DX), compounds 4 and 6 showed the best 

activity among all tested compounds. However, the RI values of the tested compounds 

indicated that colchicines did not break the drug resistance of LoVo/DX (RI = 9.64–278). 

Comparison between the cancer cell lines and the normal cell line (BALB/3T3) was made 

to define the Selectivity Index (SI) as a measure of therapeutic potential. This parameter 

seems to be especially important for drug-like molecules based on a scaffold of a toxic 

compound. The SI values showed that compounds 2, 6 and 8 mostly targeted cancer cells, 

and fewer targeted normal cells (SI = 10.08–10.45, SI = 6.76–11.85, SI = 5.45–16.43 for 

A549, MCF-7, LoVo cancer cell lines, respectively). Also compounds 3 and 5 indicated 

good SI values for MCF-7 cell line (SI = 6.00, SI = 5.26, respectively), as well as compound 

7 indicated good SI value for LoVo cell line (SI = 13.5).



Table 3-1. Antiproliferative activity (IC50) of colchicine (1) and its derivatives (2–8) compared with antiproliferative activity of standard anticancer drugs 

doxorubicin and cisplatin and the calculated values of the resistance index (RI) and selectivity index (SI) of tested compounds [19,43]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The IC50 value is defined as the concentration of a compound at which 50% growth inhibition is observed. Human lung adenocarcinoma (A549), human breast adenocarcinoma 

(MCF-7), human colon adenocarcinoma cell line (LoVo) and doxorubicin resistant subline (LoVo/DX), normal murine embryonic fibroblast cell line (BALB/3T3). The SI 

(Selectivity Index) was calculated for each compound using the formula: SI=IC50 for normal cell line BALB/3T3 / IC50 for respective cancerous cell line. A beneficial SI > 1.0 

indicates a drug with efficacy against tumor cells greater than the toxicity against normal cells. The RI (Resistance Index) indicates how many times a resistant subline is 

chemoresistant relative to its parental cell line. The RI was calculated for each compound using the formula: RI = IC50 for LoVo/DX / IC50 for LoVo cell line. When RI is 0–

2, the cells are sensitive to the compound tested, RI in the range 2–10 means that the cell shows moderate sensitivity to the drug tested, RI above 10 indicates strong drug-

resistance.

Compound A549   MCF-7   LoVo   LoVo/DX    BALB/3T3 

 IC50 (μM) SI  IC50 (μM) SI  IC50 (μM) SI  IC50 (μM) SI RI  IC50 (μM) 

1  0.149 ± 0.009 1.4  0.128 ± 0.135 1.6  0.108 ± 0.025 1.9  2.65 ± 0.96 0.1 24.5  0.208 ± 0.042 

2  0.011 ± 0.001 10.1  0.010 ± 0.002 11.9  0.021 ± 0.006 5.5  0.398 ± 0.075 0.3 19.0  0.114 ± 0.072 

3  0.046 ± 0.035 3.0  0.023 ± 0.005 6.0  0.069 ± 0.012 2.0  0.784 ± 0.28 0.2 11.4  0.138 ± 0.069 

4  0.022 ± 0.002 1.0  0.022 ± 0.002 1.0  0.022 ± 0.002 1.0  0.111 ± 0.044 0.2 5.1  0.022 ± 0.002 

5  0.105 ± 0.008 1.4  0.027 ± 0.008 5.3  0.084 ± 0.021 1.7  1.55 ± 0.17 0.1 18.5  0.142 ± 0.073 

6  0.010 ± 0.0001 10.3  0.015 ± 0.002 6.9  0.014 ± 0.004 7.4  0.135 ± 0.012 0.8 9.6  0.103 ± 0.089 

7  0.094 ± 0.006 1.4  0.098 ± 0.029 1.4  0.010 ± 0.002 13.5  2.78 ± 0.45 0.1 278.0  0.135 ± 0.056 

8  0.011 ± 0.002 10.5  0.017 ± 0.006 6.8  0.007 ± 0.002 16.4  0.642 ± 0.084 0.2 91.7  0.115 ± 0.044 

Doxorubicin 0.258 ± 0.044 0.6  0.386 ± 0.118 0.4  0.092 ± 0.018 1.8  4.75 ± 0.99 < 0.1 51.6  0.166 ± 0.074 

Cisplatin 6.367 ± 1.413 0.6  10.70 ± 0.753 0.4  4.37 ± 0.73 0.9  5.70 ± 0.63 0.7 1.3  3.90 ± 1.50 
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3.3.3 Molecular Docking: in Silico Determination of Drug-Induced 

Inhibition of βI Tubulin 

To further investigate the ability to inhibit tubulin aggregation by the new 

colchicine derivatives in cancer cell growth assays, binding energies between the new 

compounds and βI tubulin, one of the subunits of microtubules in the cytoskeleton 

structure of every eukaryotic cell, were calculated using docking methodology. The 

eight structures of colchicine and its derivatives described above were docked into the 

βI tubulin CBS and ranked according to their binding affinity (Table 3-2). 

Since the binding energy shows how strong the interaction between the 

distributed drug in the cell and β-tubulin protein can be, the partition coefficient (MlogP) 

values were calculated and considered for the ability of the drugs to diffuse into the cells 

(Table 3-2). The MlogP values can be a beneficial factors in estimating and comparing 

the distribution of the novel drugs within the cells, organs and the body [44]. 

Based on our computational predictions, compounds 6, 4, 5 and 3 show the 

lowest binding energies of −8.6, −8.6, −8.4 and −8.3 kcal/mol, respectively. In the 

experimental part of the study, the lowest IC50 values showed 4, 6, 8 compounds having 

higher activity than 3, 5, 7 (Table 3-1). To investigate in more detail why the 

computational results did not show better binding energies of compound 8 than 3 and 5, 

the interactions between double-modified colchicine derivatives and the CBS of βI 

tubulin were studied. 

As shown in the diagrams representing schematic interactions of the 4 and 6 

compounds with the CBS of βI tubulin Lys 352, Met 259 and Asn 258 residues interact 

with oxygen of the carbonyl of the C ring (sidechain acceptor), with hydrogen of 

thiomethyl group on ring C and hydrogen of C-11 on ring C (sidechain donor) and with 

ring C (arene-H), respectively. 

However, Lys 352, Met 259 and Val 315 residues of the CBS of βI tubulin 

interact with oxygen of the carbonyl of the C ring (sidechain acceptor), with hydrogen 
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of C-11 on ring C (sidechain donor) and with hydrogens of methoxyl groups on ring C 

(backbone donors) of the 3 and 5 compounds, respectively. 

 

Table 3-2. Binding energies interactions between eight different colchicine derivatives and βI 

tubulin and the estimated Moriguchi octanol-water partition coefficient, MlogP for each 

colchicine derivative.  

Structure Interactions 

Binding 

energy 

(Kcal/mol) 

MlogP 
Active 

residues 

1 

 
 

-8.09 1.37 Asn258 

2 

 
 

-8.13 1.56 

Met259 

Asn258 

Lys352 

3 

 

  

-8.33 1.58 

Met 259 

Lys352 

Val315 
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4 

 
 

-8.57 2.34 

Met259 

Asn258 

Lys352 

5 

 
 

-8.40 1.93 

Met259 

Val315 

Lys352 

6 

 
 

- 8.60 2.69 

Met259 

Asn258 

Lys352 

7 

  

-7.53 1.50 

Ala317 

Cys241 

8 

  

-7.33 2.00 

Ala316 

Ala317 

Cys241 

 

The study was continued for compound 8 with the highest binding energy for 

better understanding over the effect of interaction of βI tubulin’s residues with novel 
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derivatives on better activities of the derivatives. Compound 8 interacts with Ala317 

residue of βI tubulin, iodine on ring A (backbone donor) and Cys241 residue of βI 

tubulin, hydrogen of methoxyl group on ring A (sidechain donor) and Ala 316 residue 

of βI tubulin, the oxygen of carbonyl on ring B (sidechain acceptor). 

Since the IC50 is a cell-based assay and the βI tubulin isotype is not the only 

isotype of tubulin expressed in the cell, we decided to check interactions of the 

synthesized compounds with the other tubulin isotypes present in the referred cell lines. 

Tubulin isotypes are highly conserved in all mammals as discussed by Luduena [45]. As 

is commonly the case, both normal and cancer cells in humans contain the same tubulin 

isotypes. However, their expression levels differ and specifically βIII (TUBB3) tubulin 

is very narrowly distributed in normal cells while it is almost always found in cancer 

cells and it is often correlated with drug resistance [46-48]. Furthermore, βI isotype 

(TUBB) is the most abundant isotype in most tumors, followed by, βIVb (TUBB4B), 

βIIa (TUBB2A), βV (TUBB6), and βIII (TUBB3) with 47%, 38%, 8.9%, 3.1%, and 

2.2% respectively and with βIVa (TUBB4), βIIb (TUBB2B) and βVI (TUBB1) levels 

below 0.5% of the total β tubulin [46]. Interestingly, the binding sites for common 

tubulin-binding agents do not vary significantly between tubulin isotypes except for the 

CBS [8]. 

Tubulin isotype classes βIVa and βIVb comprised more than 50% of the total β 

tubulin in breast cancer (MCF-7) and colon cancer cells. The expression of βI, βIII and 

βIV (a and b) in the MCF-7 cell line has been reported as 39.1%, 2.5% and 58.4% 

respectively [49]. In another study, the ratio for MCF-7 cell line was reported as 55% to 

6% to 39% [50]. In colon cancer cells, the percentage expression of the referred tubulin 

isotypes is 61.8%, 0.2% and 38%, respectively. The ratio of the isotype expression in 

lung cancer cells (A549) is given as 71.9% to 1.6% to 26.5% [49]. Consequently, each 

of the cell lines investigated has a distinct distribution of tubulin isotypes, which affects 

the overall response to a cytotoxic agent whose affinity for each of these isotypes is 

different making the problem of computational prediction complex. 
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To quantify the assumption that these compounds have different binding free 

energies for each of the tubulin isotypes, docking simulations between the novel 

colchicine derivatives and βI (UniProt ID: P07437), βIIa (UniProt ID: Q13885), βIIb 

(UniProt ID: Q9BVA1), βIII (UniProt ID: Q13509), βIVa (UniProt ID: P04350), βIVb 

(UniProt ID: P68371), βV (UniProt ID: Q9BUF5), and βVI (UniProt ID: Q9H4B7), 

isotypes were performed. Tubulin structure 1SA0.pdb was used as the homology model 

template for all tubulin isotypes using MOE2015. To visualize the results, a heat map 

was prepared to better illustrate the comparison of binding energies between the 

investigated compounds and the different tubulin isotypes using AutoDock Tableau 

Desktop (version 2018.2.0, Tableau Research, Standford University, Seattle, WA, USA) 

(see Table 3-3). 

  

 

 

As can be seen in the heat map above, the binding energy between compound 8 

and tubulin isotype βIIa as well as βVI are good examples of high binding energies while 

for compounds 3 and 5 their interaction with βI tubulin and βIIa dominates. For 

compound 7 βVI, βIIa and βIII are the strongest binding tubulin isotypes. These 

differences might be the reasons of a discrepancy between experimental and 

computational data. However, even data concerning the level of tubulin isotypes 

Table 3-3. Heat map of binding energies interactions between the eight different colchicine 

derivatives and βI, βIII βIIa, βIIb, βIVa, βIVb, βV and βVI tubulin isotypes.  
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expression reported for the same cell line in the literature, differ from each other. Precise 

levels of isotype expression are not only hard to determine but they fluctuate in the same 

cell line as a result of exposure to various drugs [51]. Therefore, more detailed 

experimental studies on the isotype expression among different cell lines are still needed 

to give a better insight in this issue in the future. 

In terms of a mechanistic explanation, specific residues of βIIa tubulin that are 

involved in interactions with compound 8 are Asn 256 that interacts with C-20 on ring 

C (backbone donor) and with ring C (arene-H) and Cys 239 that interacts with hydrogen 

of methoxyl group on ring A (sidechain donor). The residues of βVI tubulin that are 

involved in interactions with compound 8 are Asn256, which interacts with carbon 

atoms of two methoxyl groups on ring A (sidechain donors), Ala248, interacts with the 

oxygen of carbonyl on ring C (sidechain acceptor) and Asn247 that interacts with C-20 

on ring C (sidechain donor) (see Table 3-4). 

 

Table 3-4. Binding energies interactions between compound 8 and βIIa and βVI 

tubulin as well as the estimated Moriguchi octanol-water partition coefficient, MlogP 

for compound 8.  

Tubulin  

Isotype Interactions 

Binding 

energy 

(Kcal/mol) 

MlogP 
Active 

residues 

βIIa 

 

-8.20 1.99 

Asn 256 

Cys 239 
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βVI 

 

-8.30 1.99 

Asn 256 

Asn 247 

Ala 248 

 

The analysis of interactions between compounds 4, 6 with βI and compound 8 

and βIIa and βVI shows that an arene-H interaction between the ring C Asn256 or 

Asn258 and a sidechain acceptor interaction between the oxygen of carbonyl on ring C 

and either Lys352 or Ala248 can result in a strong binding effect. As mentioned before, 

the probability of the expression of βIIa in most tumors is approximately 9% versus less 

than 0.5% for each isotype in the group of βIVa, βVI and βIIb [46]. 

To the best of the authors’ knowledge of the literature, ligands binding to alpha 

and β tubulin are exclusive, except of course of ATP, and therefore, we do not expect 

any cross-interactions of our compounds with alpha tubulin [52]. Concerning 

interactions with ABC transporters, it is quite possible that our compounds are substrates 

for these multidrug resistance enzymes, but this is common to many chemotherapy 

drugs, including taxanes. Therefore, in order to inhibit this interaction, it would most 

advantageous to use our compounds in combination with some of their modulators, e.g., 

verapamil [53]. 

 

3.4 Discussion 

We synthesized three novel double-modified 4-halothiocolchicines (4, 6, 8) and 

evaluated their biological activity according to the in vitro antiproliferative tests as well 

as the molecular docking. For a better comparison, also the activity of single-modified 

colchicine derivatives (2, 3, 5, 7) as well as colchicine itself (1) was evaluated on four 
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human cancer cell lines and normal murine embryonic fibroblast cell line. The results of 

our study clearly showed that the antiproliferative activity of novel 4-halothiocolchines 

(4, 6, 8) is better than the activity of 4-halocolchicines (3, 5, 7) and remain at a level 

similar to the cytotoxicity of 2 for the A549, MCF-7 and LoVo cell lines. Furthermore, 

the cytotoxicity of compounds 4, 6 and 8 is higher than cytotoxicity of unmodified 

colchicine (1) and commonly used chemotherapeutics such as doxorubicin and cisplatin. 

The introduction of thiomethyl group in C-10 position significantly increased the 

cytotoxicity in comparison to single-modified 4-halo derivatives (3, 5, 7) as well as 

allowed to reduce the toxicity for 4-bromo and 4-iodo derivatives. Compounds 4-

bromothiocolchine (6) and 4-iodothiocolchicine (8) proved to be less toxic to normal 

murine fibroblast cells than the currently used anticancer drugs, such as cisplatin and 

doxorubicin, which is confirmed by their high SI values. The appropriate modification 

of colchicine molecule and synthesis of its analogs might overcome the toxicity, which 

is a major challenge in designing a potential colchicine-based drug candidate. However, 

it is still challenging to draw clear conclusions from the molecular-level calculations. 

Compounds 6, 4, 5 and 3 showed the lowest binding energies of −8.6, −8.6, −8.4 and 

−8.3 kcal/mol, respectively. The results only partially correlate with in vitro determined 

IC50 values. This may be explained by several additional effects taking place in living 

cells compared to the computational simulations that focus only on the binding mode of 

the compounds to the target. Specifically, off-target interactions involving efflux pumps 

with different affinities for the individual compounds may explain the observed partial 

correlation between IC50 values and binding free energies. Additionally, differences in 

the solubility values and membrane permeability may have to be accounted for when 

ranking the various compounds in biological assays and comparing them to 

computational predictions based on binding affinity for the target alone. We have 

partially addressed this issue by performing docking simulations for the remaining 

tubulin isotypes, several of them may be expressed in cancer cells in a manner different 

than in normal cells. We have demonstrated that a higher affinity for βVI tubulin of the 
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compounds investigated may explain the differences in their biological activities. Our 

studies clearly show the potential of the obtained double-modified compounds. In 

particular, 4-halothiocolchicines are worthwhile for a continuation of the search for 

strong and broad-spectrum anticancer agents. Inspired by these preliminary results we 

plan subsequent modifications in C-7 position to obtain a series of triple-modified 

derivatives. Further evaluation should help to find more detailed structure-activity 

relationships of microtubule-targeting drugs and CBS inhibitors, which can help in 

rational drug design in the future. 
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Chapter 4:  
Synthesis, antiproliferative activity, and 

molecular docking studies of 4‐

chlorothiocolchicine analogues* 
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4.1 Introduction 

Colchicine (Figure 4-1) has been used in medicine for a long time. It is a 

medication administered orally to treat gout and familial Mediterranean fever, as well 

as to prevent Behçet's disease and pericarditis. Mostly unsuccessful attempts to 

implement colchicine in the treatment of inflammatory disorders prone to fibrosis have 

been undertaken. This well‐known bioactive alkaloid shows also antiproliferative 

impact through the inhibition of microtubule formation, leading to mitotic arrest, 

vascular disruption, and cell death by apoptosis [1-11]. However, when administered 

intravenously, causes severe side effects. Wherefore, colchicine has not been clinically 

used to treat cancer [12-14]. Although much effort has been made to devise colchicine 

derivatives as potential anticancer agents, no generally acceptable solution has been 

found yet [15-21]. In 2011, Hiromitsu Takayama's research group published results of 

studies on C‐4 halogen substituted colchicine derivatives [22]. Some of them exhibited 

more potent cytotoxicity toward tumor cells than unmodified colchicine. In 2012, they 

published extended results on 4‐chlorocolchicine derivatives bearing an amide moiety 

at the C‐7 position [23].  

 

Figure 4-1. Chemical structure of colchicine. 

 

4‐Chlorocolchicine and some of the double‐modified derivatives with 

trifluoroacetyl or propionyl amide substituents at the C‐7 exhibited strong antitumor 
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activities over broad effective dosage ranges in vivo, but their metabolic stabilities were 

poorer than that of colchicine. It is well known that substitution of methoxyl group at 

the C‐10 position by a thiomethyl group is a good way to increase molecular stability of 

colchicine [15,20,24].  

In our previous studies, we prepared double‐modified colchicine derivatives, at 

the C‐4 and C‐10 positions as well as at the C‐7 and C‐10 positions [25] as well as at the 

C‐7 and C‐10 positions [26] and evaluated their cytotoxicity. We have also prepared a 

series of triple‐modified 4‐bromo‐7‐carbamatethiocolchicines bearing different 

substituents at the C‐7 position [27] and most of the compounds showed cytotoxicity at 

the nanomolar range. Since in drug design even a small change in molecular structure 

can significantly affect biologic properties, as well as sulfur and chlorine, are the most 

common elements (except carbon, hydrogen, oxygen, and nitrogen) in Food and Drug 

Administration approved pharmaceuticals [28], we decided to develop the concept and 

synthesize a series of novel triple‐modified 4‐chloro‐7‐carbamatethiocolchicines 

(compounds 2–9, Figure 4-2) with diversified substituents at the C‐7 position as well as 

to perform in vitro and in silico studies.  

 

 Figure 4-2. Synthesis of 4-chlorothiocolchicine derivatives (1-9). Reagents and conditions: 

(a) 2M HCl, 90°C, 72h; (b) triphosgene, Et3N, respective alcohol, THF, 0°C → RT. 
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4.2 Results and discussion 

4.2.1 Chemistry 

The aim of this project was the synthesis and evaluation of the cytotoxic activity 

of novel 4‐chlorothiocolchicine derivatives. The synthesis of 4‐chlorothiocolchicine was 

previously reported by our group [25]. N‐deacetylation followed by the reaction with 

respective alcohol in the presence of triphosgene led to a series of eight novel triple‐

modified colchicine derivatives (2–9) with diversified substituents in C‐7 position. The 

structures of all products were characterized by spectroscopic (FT‐IR, 1H NMR, 13C 

NMR) and spectrometric (ESI‐MS) methods. The experimental and full spectral data for 

compounds (1–9) are given in Appendix C.  

 

4.2.2 Antiproliferative effect toward both human cancer cells and 

normal cells 

The cytotoxic activity of 4‐chlorothiocolchicine analogues (1–9) was screened 

on human lung adenocarcinoma (A549), human breast adenocarcinoma (MCF‐7), 

human colon adenocarcinoma cell line (LoVo), and doxorubicin‐resistant subline 

(LoVo/DX) as well as normal murine embryonic fibroblast cell line (BALB/3T3). The 

mean IC50 ± SD of the tested compounds are collected in Table 4-1.  

The highest cytotoxic activity from among the triple‐modified colchicine 

derivatives against respective cancerous cell lines showed compounds 3–7 against A549 

(IC50 = 0.009–0.021 μM), compounds 3–6 against MCF‐7 (IC50 = 0.019–0.021 μM), 

compounds 3–8 against LoVo (IC50 = 0.008–0.020 μM), and compounds 3–8 against 

LoVo/DX (IC50 = 0.021–0.081 μM). The mentioned IC50 values are at least several times 

lower than those obtained for unmodified colchicine and common anticancer agents such 

as doxorubicin and cisplatin. The majority of colchicine derivatives demonstrated 

cytotoxic activity at submicromolar concentrations. In comparison, corresponding 4‐
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bromothiocolchicine analogues bearing same substituents at the C‐7 and C‐10 positions, 

but bromine instead of chlorine at the C‐4 positions, have shown slightly different 

antiproliferative activity. The most active brominated derivatives were those with 

methyl, ethyl, and propyl carbamate moieties at the C‐7 position and trifluoroethyl, as 

well as isopropyl carbamate derivatives, exhibited lower cytotoxicity comparing to the 

corresponding chlorinated derivatives [27]. 

 

Table 4-1. Antiproliferative activity of colchicine and its derivatives (2-9) compared with 

antiproliferative activity of standard anticancer drugs doxorubicin and cisplatin. 

Compound A549 MCF-7 LoVo LoVo/DX BALB/3T3 

 IC50 (μM) IC50 (μM) IC50 (μM) IC50 (μM) IC50 (μM) 

Colchicine 0.125 ± 0.013 0.054 ± 0.028 0.108 ± 0.025 1.69 ± 0.28 0.139 ± 0.073 

1  0.147 ± 0.027 0.221 ± 0.022 0.098 ± 0.010 0.172 ± 0.049 0.270 ± 0.069 

2  0.081 ± 0.008 0.040 ±0.016 0.081 ± 0.004 0.847 ± 0.140 0.141 ± 0.014 

3  0.021 ± 0.002 0.021 ± 0.002 0.011 ± 0.001 0.021 ± 0.011 0.021 ± 0.002 

4  0.010 ± 0.001 0.021 ± 0.002 0.008 ± 0.002 0.042 ± 0.013 0.083 ± 0.017 

5  0.009 ± 0.001 0.019 ± 0.004 0.007 ± 0.0002 0.056 ± 0.006 0.094 ± 0.026 

6  0.010 ± 0.001 0.020 ± 0.002 0.008 ± 0.002 0.081 ± 0.020 0.101 ±0.004 

7  0.020 ± 0.012  0.040 ± 0.020 0.020 ± 0.002 0.081 ± 0.020 0.121 ± 0.018 

8 0.059 ± 0.033 0.098 ± 0.039 0.020 ± 0.012 0.079 ± 0.020 0.118 ± 0.010 

9  0.093 ± 0.006 0.167 ± 0.019 0.315 ± 0.172 7.944 ± 3.020 0.130 ± 0.031 

Doxorubicin 0.258 ± 0.044 0.386 ± 0.118 0.092 ± 0.018 4.75 ± 0.99 0.166 ± 0.074 

Cisplatin 6.367 ± 1.413 10.70 ± 0.753 4.37 ± 0.73 5.70 ± 0.63 3.90 ± 1.50 

Note: The IC50 value is defined as the concentration of a compound at which 50% growth inhibition is 

observed. 

 

Comparison between the IC50 values obtained for cancer cell lines and the 

normal murine fibroblasts (BALB/3T3) was made to calculate the selectivity index (SI) 

as a measure of therapeutic potential (Figure 4-3). SI values calculated for A549 and 

LoVo cell lines are especially high for compounds 4–7. These compounds showed also 

moderate SI values on MCF‐7. High SI values result from large differences between the 

cytotoxicity against cancer and normal cells, which might indicate that cancer cells will 
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be affected by the cytotoxic agents prior to the normal cells. These values are much 

higher than the SI values of commonly used drugs, such as doxorubicin and cisplatin. 

Moreover, compounds 4–7 showed very high antiproliferative activity against A549, 

MCF‐7 and LoVo cell lines, which in combination with high SI values make them good 

candidates for further studies. Previous calculations of SI values for corresponding 4‐

brominated analogues indicate some interesting differences between chlorinated and 

brominated colchicine derivatives, for example, compound 3 showed very low 

selectivity while the corresponding 4‐bromo‐7‐methylcarbamatethiocolchicine showed 

moderate SI values on A549, MCF‐7 and LoVo cell lines [27].  

 

To evaluate the agents’ activity against the cells with MDR (multidrug resistance) 

phenotype, one drug resistant cancer cell line, that is, LoVo/DX was tested and the 

resistance index (RI) values were calculated (Figure 4-4). Only compounds 1 and 3 were 

able to efficiently overcome the drug resistance of the LoVo/DX cell line, 

simultaneously showing high antiproliferative activity (RI = 1.8, IC50 = 0.172 μM and 

RI = 1.9, IC50 = 0.021 μM, respectively).  
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Figure 4-3. Comparison of selectivity index (SI) values of 

tested compounds. SI was calculated for each compound 

using the formula: SI = IC50 for normal cell line BALB/3T3 

/ IC50 for respective cancerous cell line. 
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4.2.3 Molecular docking: in silico determination of the molecular mode 

of action 

Numerous well‐known chemotherapeutic drugs are known to bind to human β 

tubulin isotypes, which are structural subunits of microtubules in the cytoskeleton of 

eukaryotic cells, in order to inhibit the growth and proliferation of cancer cells. From 

among all isotypes, βI tubulin is the most abundant and most popular target of tubulin‐

binding drugs. One of the fast and inexpensive methods to predict the effectiveness of 

the drugs inhibition of cancer cell proliferation is computational docking. This in silico 

drug discovery method can predict the binding affinity between the colchicine‐binding 

pocket of βI tubulin and new colchicine derivatives. The 3D structures of the human 

isotypes were built from homology modeling by using the crystallographic structure of 

the bovine α‐βIIb tubulin isotype complexed with colchicine as a template (PDB ID: 

1SA0; [29] The dimer models generated were made of the αIA isotype for α‐tubulin 
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Figure 4-4. Comparison of resistance index (RI) 

values of tested compounds. The RI indicates how 

many times the chemoresistance of a resistant subline 

was higher  relative to its parental cell line. The RI 

was calculated for each compound using the formula: 

RI = IC50 for LoVoDX / IC50 for LoVo cell line. 



 

 

105 

 

(UniProt ID: Q71U36) and different isotypes of the β‐tubulin. Here, molecular docking 

was combined with other computational methods to explore ligand‐tubulin interactions 

for the compounds discussed in this chapter.  

The colchicine derivatives numbered 6, 2, 5, and 7 showed the strongest binding 

energies of −9.15, −9.03, −8.98, and −8.94 kcal/mol in our in silico calculations, 

respectively. Met 259 and Lys 352 residues in the binding pocket of βI tubulin appear 

to be involved in the strongest interactions with ligands. Those two residues interact 

with C‐20 (sidechain donor) and oxygen of carbonyl (sidechain acceptor) on ring C of 

the new colchicine derivatives, respectively. Table 4-2 depicts graphically these 

interactions in column 3.  

In the present article, the interactions of the tested compounds with βI tubulin 

were evaluated and compared with IC50 values obtained in cell‐based assays. Since in a 

cell‐based assay, the βI tubulin isotype is not the only isotype of tubulin expressed but 

several different tubulin isotypes are simultaneously present in given cells, the 

interactions between novel derivatives and the other key isotypes of tubulins, namely 

βIIa (UniProt ID: Q13885), βIIb (UniProt ID: Q9BVA1), βIII (UniProt ID: Q13509), 

βIVa (UniProt ID: P04350), βIVb (UniProt ID: P68371), and βVI (UniProt ID: 

Q9H4B7) were calculated by the same docking method.  

Following the docking simulations, the results of our computational prediction 

for different β tubulin isotypes were compared with experimental values of IC50 by 

calculating the linear regression coefficients. The physicochemical properties of 

medicinal chemistry compounds such as permeability and solubility, along with the 

understanding of transport mechanisms of the drugs in vivo [30] should be taken into 

account when the computational (in silico) and experimental (in vitro) results are 

compared. Here, the Moriguchi octanol‐water partition coefficient (MLogP), a useful 

factor in estimating and comparing the distribution of the drugs within the cells, organs, 

and the body was calculated.  
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Good regression coefficients for log IC50 of the LoVo/DX and A549 cell lines 

and an acceptable coefficient for the LoVo cell line were reported as 0.61 and 0.60 and 

0.44, respectively. The two independent variables involved in the regression analysis 

were the compounds' MlogP values and the binding free energies of our compounds with 

the tubulin βI isotype as the main target. The regression coefficients found for the MCF‐

7 and BALB/3T3 cell lines are very low (see Table 4-3). The reason for the latter 

discrepancy between computation and experiment may be due to additional biologic 

factors, such as the upregulation of MDR proteins that act as efflux pumps and prevent 

the drugs from exerting their cytotoxic action. Another possibility could involve off‐

target interactions of the compounds studied.  

Comparing the results on 4‐chlorothiocolchicine analogues and previously 

published studies on corresponding 4‐bromothiocolchicine analogues, different active 

residues of the binding pocket of βI tubulin interacting with ligands via hydrogen 

bonding or π‐interactions were identified for most of the compounds, also the regression 

coefficients calculated for the brominated and chlorinated derivatives indicate some 

specific differences in their interactions with the colchicine‐binding site [27]. 

To further investigate these novel colchicine derivatives, more computationally 

expensive and time consuming in silico methods, namely MM/PBSA and MM/GBSA, 

were used to calculate the binding free energies between the novel colchicine derivatives 

and β tubulin isotypes. The linear regression of these binding energies was taken into 

account under the same conditions as those applied to the docking method. In Table 4-4, 

the best PBSA and GBSA score out of the three trajectories associated with the three 

representative structures of the tubulin dimer is shown for each of the tested compounds.  
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Table 4-2. Summary of the calculated binding energies for the interactions between βІ 

tubulin and 4-chlorothiocolchicine analogues, the compounds’ molecular weights, the values 

of their Moriguchioctanol-water partition coefficient (MlogP), which have been investigated 

in this chapter. The active residues of the binding pocket of βІ tubulin are listed in the last 

column. 
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energy 

(kcal/mol) 

Interactions MW MlogP 
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1 -8.6 

 

413.97 1.80 

Lys352 

Asn258 

Cys 241 

2 -9.03 

 

499.00 2.34 

Lys352 

Thr353 

Met259 

Asn258 

 

3 -8.95 

 

468.98 2.83 
Met259 

Val315 
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4 -8.72 

 

483.00 3.07 

Lys352 

Asn258 

Met259 

 

5 -8.98 

 

536.98 2.92 

Asn258 

Met259 

Val315 

6 -9.15 

 

497.03 3.35 

Met259 

Val315 

 

7 -8.94 

 

497.03 3.29 
Lys352 

Met259 



 

 

109 

 

8 -8.65 

 

514.08 3.46 Lys254 

9 -7.36 

 

543.06 2.40 

Asn258 

Ala317 

Cys241 

 

 

Table 4-3. The docking binding free energy of ligands-tubulin and MlogP of the ligands are 

the two independent variables in linear regression that are correlated with log IC50 [μM] in 

different cancer cell lines. 

Linear regression of 

colchicine derivatives (R2) 

LogIC50 MCF-7 LoVo LoVo/DX A549 BALB/3T3 

βI 0.01 0.44 0.61 0.60 0.06 

βIIa 0.03 0.21 0.05 0.40 0.14 

βIIb 0.06 0.18 0.06 0.35 0.10 

βIII 0.04 0.25 0.14 0.42 0.15 

βIVa 0.04 0.20 0.08 0.36 0.11 

βIVb 0.03 0.30 0.09 0.38 0.11 

βV 0.04 0.067 0.19 0.41 0.14 

βVI 0.04 0.23 0.11 0.42 0.15 
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Following the MM/PBSA and MM/GBSA simulations, we calculated the linear 

regression coefficients between experiment and computational simulations of different 

β tubulin isotypes (see Table 4-5 and Table 4-6, respectively).  

As can be clearly seen in Table 4-5 and Table 4-6, MM/PBSA also shows a good 

correlation coefficient R2 of 0.48 with logIC50 of BALB/3T3 cell line but the logIC50 for 

A549 cell line gives the only experimental value that shows an acceptable linear 

regression with the MM/PBSA and MM/GBSA calculations of the binding free energy 

of the ligand‐tubulin isotype complexes, which is in the same range for molecular 

docking results. There are numerous possible reasons for poor correlation between 

computational predictions and experimental results, most of which include issues such 

as solubility, membrane permeability, off‐target interactions, and p‐glycoprotein drug 

removal. What is encouraging in our calculations, however, is that the most common 

isotypes of β tubulin, namely βI and βII and to some extent βIII, show strong correlation 

with the compounds’ cytotoxicity. To improve our prediction methodology, it would be 

necessary to obtain precise information about the tubulin isotype expression levels and 

develop a weighted average for the binding affinity based on the expression values for 

the contributing isotypes in each cell line separately. This information could then be 

used to design a compound with optimized binding affinity profile for each cancer cell 

type.  
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Table 4-4. Binding energies of novel colchicine derivative versus different tubulin isotypes 

were calculated by MM/PBSA and MM/GPSA methods. 

 

Table 4-5. The MM/PBSA binding free energy of the ligand-tubulin complex and the values 

of the MlogP for the ligands are the two independent variables in our linear regression 

calculations that are obtained with respect to log IC50 [μM] in different cancer cell lines. 

 

Table 4-6. The MM/GBSA binding free energy of the ligand-tubulin complex and the values 

of the MlogP for the ligands are the two independent variables in our linear regression 

calculations that are obtained with respect to log IC50 [μM] in different cancer cell lines. 

Linear regression of 

colchicine derivatives (R2) 

LogIC50 MCF-7 LoVo LoVo/DX A549 BALB/3T3 

βI 0.02 0.20 0.14 0.36 0.10 

βIIa 0.17 0.24 0.19 0.37 0.10 

βIII 0.03 0.22 0.15 0.36 0.10 

βIVb 0.02 0.21 0.14 0.36 0.10 

βVI 0.0002 0.20 0.15 0.36 0.06 

L
ig

a
n

d
 

GBSA 

 βI 

PBSA 

βI 

GBSA 

βIIa 

PBSA 

βIIa 

GBSA 

βIII 

PBSA 

βIII 

GBSA 

βIVb 

PBSA 

βIVb 

GBSA 

βVI 

PBSA 

βVI 

1 -12.67 -25.58 -15.46 -25.33 0.14 -18.28 -3.71 -24.35 -19.89 -26.75 

2 -42.48 -50.56 -46.41 -49.88 -40.23 -46.74 -43.25 -43.7 -48.11 -39.58 

3 -33.65 -37.9 -33.95 -39.16 -30.27 -29.17 -28.45 -28.82 -41.31 -38.15 

4 -42.19 -46.54 -48.05 -51.07 -36.69 -42.14 -44.09 -53.51 -45.9 -45.25 

5 -34.14 -42.48 -31.95 -32.64 -24.14 -24.08 -34.15 -34.84 -39.49 -39.83 

6 -37.13 -44.81 -40.44 -44.5 -21.32 -21.59 -34.44 -38.46 -45.35 -44.27 

7 -33.57 -46.6 -36.27 -40.36 -26.43 -25.61 -27.54 -31.27 -34.7 -33.34 

8 -40.71 -47.21 -36.63 -42.14 -37.12 -39.56 -30.95 -25.16 -40.58 -34.49 

9 -47.9 -48.43 -62.18 -42.91 -45.14 -45.09 -44.89 -49.09 -45.9 -36.76 

Linear regression of 

colchicine derivatives (R2) 

LogIC50 MCF-7 LoVo LoVo/DX A549 BALB/3T3 

βI 0.03 0.22 0.13 0.36 0.082 

βIIa 0.002 0.20 0.11 0.36 0.093 

βIII 0.030 0.23 0.13 0.37 0.11 

βIVb 0.03 0.21 0.13 0.36 0.11 

βVI 0.10 0.14 0.03 0.35 0.48 
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4.3 Conclusions 

In this work, we present the design and multistep synthesis of novel triple‐

modified colchicine derivatives (2–9), which are 4‐chlorothiocolchicine analogues, as 

anticancer agents and mitotic inhibitors. All target compounds were screened for their 

in vitro cytotoxicity against MCF‐7, LoVo, LoVo/DX, and A549 cancer cell lines. The 

majority of 4‐chlorothiocolchicine derivatives were shown to be active at nanomolar 

concentrations, lower than those of colchicine, doxorubicin, and cisplatin, against tested 

cancer cell lines. Four of obtained compounds also showed higher potency against 

cancer cells over normal cells as confirmed by their high SI values. Molecular docking 

was performed to reveal the interaction of the obtained active compounds into the 

colchicine‐binding site of tubulin isotopes. These studies revealed that all of the obtained 

compounds successfully dock in the colchicine‐binding site of tubulin. Our calculation 

results confirm that multistep chemical modification of colchicine is a promising method 

to obtain new active anticancer agents and improve binding affinity to several human 

tubulin isotypes. Our studies clearly show the potential of the obtained triple‐modified 

colchicine derivatives, and some of the obtained compounds are suitable candidates for 

further tests (ex vivo, in vivo).  
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Introduction 

Colchicine (1, Figure 5-1) is one of the oldest therapeutic substances known to 

mankind. Although its medical properties have been known for centuries, the drug was 

approved for clinical use by the United States Food and Drug Administration only in 

2009 [1]. Clinically, colchicine is approved and used for the treatment of familial 

Mediterranean fever, Behcet’s disease, acute gout, chondrocalcinosis, and other types of 

microcrystalline arthritis [2-6]. Other therapeutic indications include primary biliary 

cirrhosis, psoriasis, amyloidosis, various forms of dermatitis, relapsing polychondritis, 

necrotizing vasculitis, Sweet’s syndrome, leukocytoclastic vasculitis, and 

cardiovascular diseases, such as particular pericarditis, atrial fibrillation caused by 

inflammation, and ischemic episodes [7-12]. Colchicine is of particular interest in a 

broader context, especially as a cancer chemotherapy agent, due to its antimitotic 

properties. It has played an important role in studies of mitosis and the therapeutic 

potential of the colchicine binding site has been investigated for chemotherapy 

applications. However, its clinical use is often hampered by relatively high general 

toxicity, which results from its accumulation in the gastrointestinal tract, as well as 

neurotoxicity [13-15]. 

 

Figure 5-1. Structure of colchicine (1). 

 

Many efforts have been made to develop colchicine analogs with the goal of 

reducing toxicity and increasing bioavailability. Additionally, diverse structure-activity 

relationship studies have been performed to elucidate the structural features required for 
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tubulin binding. Substitution of methoxyl group in the C-10 position by a thiomethyl 

group increases molecular stability and thiocolchicine binds to tubulin more rapidly than 

colchicine itself [16-21]. In 2011, Hiromitsu Takayama’s research group [22] published 

results of their studies on C-4 halogen substituted colchicine derivatives. Some of them 

exhibited more potent cytotoxicity for tumor cells compared to 1. In our previous 

studies, we prepared double-modified, in the C-7 and C-10 positions, colchicine 

derivatives and evaluated their cytotoxicity [23]. Encouraged by these results, we 

decided to further develop the concept of diversified urethane substituents in the C-7 

position and combine it with bromination in the C-4 position. We synthesized a series 

of triple-modified 4-bromo-N-deacetyl-7-carbamatethiocolchicines maintaining the 

stereochemistry of the C-7 center, which is critical for antimitotic activity [15,21]. 

 

5.1 Materials and Methods 

5.1.1 General 

All precursors for the synthesis and solvents were obtained from Sigma-Aldrich 

(Merck KGaA, Saint Louis, MO, USA) and were used as received without further 

purification. Spectral grade solvent (CDCl3) was stored over 3 Å molecular sieves for 

several days. Thin layer chromatography (TLC) was carried out on precoated plates 

(TLC silica gel 60 F254, Aluminum Plates Merck, Merck KGaA, Saint Louis, MO, 

USA) and spots were detected by illumination with a UV lamp. All the solvents used in 

flash chromatography were of HPLC grade (CHROMASOLV from Sigma-Aldrich, 

Merck KGaA, Saint Louis, MO, USA) and were used as received. The elemental 

analysis of compounds was carried out on Vario ELIII (Elementar, Langenselbold, 

Germany). 
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5.1.2 Spectroscopic Measurements 

The 1H, 13C spectra were recorded on a Varian VNMR-S 400 MHz spectrometer 

(Varian, Inc., Palo Alto, CA, USA). 1H-NMR measurements of 2–8 (0.07 mol dm−3) in 

CDCl3 were carried out at the operating frequency 402.64 MHz. The error of the 

chemical shift value was 0.01 ppm. The 13C-NMR spectra were recorded at the operating 

frequency 101.25 MHz. The error of chemical shift value was 0.1 ppm. All spectra were 

locked to deuterium resonance of CDCl3. The 1H- and 13C-NMR spectra are shown in 

the (Appendix D). 

The FT-IR spectra of 2–8 in the mid-infrared region were recorded in KBr. The 

spectra were taken with an IFS 113v FT-IR spectrophotometer (Bruker, Karlsruhe, 

Germany) equipped with a DTGS detector; resolution 2 cm–1, NSS = 64. The Happ–

Genzel apodization function was used. 

The ESI (electrospray ionisation) mass spectra were recorded also on a 

Waters/Micromass (Waters Corporation, Manchester, UK) ZQ mass spectrometer 

equipped with a Harvard Apparatus syringe pump. The samples were prepared in dry 

acetonitrile (5 × 10−5 mol dm−3). The sample was infused into the ESI source using a 

Harvard pump at a flow rate of 20 mL min−1. The ESI source potentials were: capillary 

3 kV, lens 0.5 kV, and extractor 4 V. The standard ESI mass spectra were recorded at 

the cone voltages: 10 and 30 V. The source temperature was 120°C and the desolvation 

temperature was 300°C. Nitrogen was used as the nebulizing and desolvation gas at 

flow-rates of 100 dm3 h−1. Mass spectra were acquired in the positive ion detection mode 

with unit mass resolution at a step of 1 m/z unit. The mass range for ESI experiments 

was from m/z = 100 to m/z = 1000, as well as from m/z = 200 to m/z = 1500. 
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5.1.3 Synthesis 

Synthesis of 2 

A mixture of N-bromosuccinimide (NBS, 279 mg, 1.57 mmol) and 1 (500 mg, 

1.25 mmol) in acetonitrile was stirred at RT under nitrogen atmosphere for the 72 h. 

Reaction time was determined by TLC. The reaction was quenched with saturated 

aqueous Na2S2O3. The whole mixture was extracted four times with CH2Cl2, and the 

combined organic layers were dried over MgSO4, filtered, and evaporated under reduced 

pressure. The residue was purified by CombiFlash® (EtOAc/MeOH, increasing 

concentration gradient) to give 2 (MW = 478.3 g/mol, Figure 5-2) as amorphous yellow 

solid with yield 95% (569 mg) [22]. 1H-NMR (403 MHz, CDCl3) δ 8.02 (s, 1H), 7.58 

(s, 1H), 7.30 (d, J = 10.7 Hz, 1H), 6.88 (d, J = 11.1 Hz, 1H), 4.59–4.49 (m, 1H), 4.03 

(s, 3H), 3.99 (s, 3H), 3.96 (s, 3H), 3.63 (s, 3H), 3.27 (dd, J = 13.0, 4.3 Hz, 1H), 2.26 (dd, 

J = 13.1, 5.2 Hz, 1H), 2.18 (d, J = 2.4 Hz, 1H), 1.99 (s, 3H), 1.78 (s, 1H) ppm. 13C-NMR 

(101 MHz, CDCl3) δ 179.5, 170.2, 164.4, 151.8, 151.1, 150.4, 146.6, 135.8, 135.7, 

133.4, 130.2, 130.0, 113.5, 112.4, 61.5, 61.5, 61.0, 56.5, 52.6, 34.5, 28.9, 22.8 ppm. FT-

IR (KBr pellet): 3274, 2936, 1662, 1617, 1589, 1565, 1462, 1411, 1398, 1350, 1270, 

1250, 1172, 1137, 1080, 1018 cm−1. ESI-MS (m/z): [M + Na]+ calcd. 500, found 500, 

[M + 2 + Na]+ calcd. 502, found 502, [2M + 2 + Na]+ calcd. 979, found 979, [2M + Na]+ 

calcd. 977, found 977, [2M + 4 + Na]+ calcd. 981, found 981. 

 

Figure 5-2. Structure of compound 2. 
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Synthesis of 3 

To a mixture of 2 (500 mg, 1.01 mmol) in MeOH/water (1/1, v/v, 5 mL), the 

sodium methanethiolate (solution 21% in H2O, 0.79 mL, 2.1 mmol) was added. The 

mixture was stirred in at RT for 72 h. Reaction time was determined by TLC. After that 

time the reaction mixture was quenched by the addition of water (150 mL). The whole 

mixture was extracted four times with CH2Cl2, and the combined organic layers were 

dried over MgSO4, filtered, and evaporated under reduced pressure. The residue was 

purified by CombiFlash® (hexane/EtOAc (1/1), then EtOAc/MeOH, increasing 

concentration gradient) to give 3 (Figure 5-3, MW = 494.4 g/mol) as amorphous yellow 

solid with yield 75% (388 mg) [24].1H-NMR (403 MHz, CDCl3) δ 7.68 (d, J = 6.6 Hz, 

1H), 7.42 (s, 1H), 7.26 (d, J = 9.6 Hz, 1H), 7.08 (d, J = 10.8 Hz, 1H), 4.61–4.52 (m, 

1H), 3.99 (s, 3H), 3.97 (s, 3H), 3.63 (s, 3H), 3.27 (d, J = 8.0 Hz, 1H), 2.45 (s, 3H), 2.25 

(dt, J = 13.4, 7.9 Hz, 2H), 2.01 (s, 3H), 1.85 (dd, J = 6.7, 4.1 Hz, 1H) ppm. 13C-NMR 

(101 MHz, CDCl3) δ 182.4, 170.0, 159.2, 151.2, 151.0, 150.4, 146.6, 137.4, 134.8, 

133.4, 130.2, 128.1, 126.3, 113.5, 61.6, 61.5, 61.0, 52.2, 34.5, 29.0, 22.9, 15.2 ppm. FT-

IR (KBr pellet): 3267, 2930, 1659, 1603, 1559, 1462, 1410, 1347, 1138, 1074, 1053, 

1014 cm−1. ESI-MS (m/z): [M + H]+ calcd 494, found 494, [M + 2 + H]+ 496, found 

496, [M + Na]+ calcd 516, found 516, [M + 2 + Na]+ calcd 518, found 518, [2M + H]+ 

calcd 989, found 989, [2M + 2 + H]+ calcd 991, found 991, [2M + Na]+ calcd 1011, 

found 1011, [2M + 2 + Na]+ calcd 1013, found 1013. 

 

Figure 5-3. Structure of compound 3. 
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Synthesis of 4 

Compound 4 (Figure 5-4) was prepared from 3 by hydrolysis with 2 N HCl. To 

a solution of compound 3 (500 mg, 1.01 mmol) in MeOH (3 mL), the 2 N HCl solution 

(5 mL) was added. The mixture was stirred at 90°C for 72 h. Reaction time was 

determined by TLC. After that time the reaction mixture was quenched by the addition 

of water (100 mL). The whole mixture was extracted four times with CH2Cl2, and the 

combined organic layers were dried over MgSO4, filtered, and evaporated under reduced 

pressure. The residue was purified by CombiFlash® (EtOAc/MeOH, increasing 

concentration gradient) to give 4 (MW = 452.4 g/mol) as amorphous brownish solid 

with yield 80% (366 mg) [25]. 1H-NMR (403 MHz, CDCl3) δ 7.52 (s, 1H), 7.05 (d, J = 

10.3 Hz, 1H), 6.94 (d, J = 10.7 Hz, 1H), 3.88 (s, 3H), 3.88 (s, 3H), 3.55 (s, 3H), 3.54–

3.51 (m, 1H), 3.16–3.10 (m, 1H), 2.37 (s, 3H), 2.24–2.15 (m, 2H), 1.50–1.45 (m, 1H) 

ppm. 13C-NMR (101 MHz, CDCl3) 182.5, 158.7, 151.1, 149.9, 146.1, 137.1, 134.3, 

134.0, 129.9, 129.2, 125.5, 113.2, 61.3, 61.0, 61.0, 53.4, 38.2, 29.6, 15.1 ppm. FT-IR 

(KBr pellet): 3378, 3315, 2935, 1605, 1557, 1462, 1409, 1345, 1248, 1196, 1138, 1083, 

1016 cm−1. ESI-MS (m/z): [M + Na]+ calcd. 474, found 474, [M + 2 + Na]+ calcd. 476, 

found 476. 

 

Figure 5-4. Structure of compound 4. 
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5.1.4 General Procedure for the Synthesis of Colchicine Derivatives (5–

12) 

Compounds 5–12 were obtained directly from compound 4. To a solution of 

compound 4 (100 mg, 0.22 mmol) in tetrahydrofuran (THF, 5 mL) cooled to the 0°C 

temperature, the following compounds were added: Et3N (1 mL, 7 mmol), and 

triphosgene (69 mg, 0.23 mmol). The mixture was first stirred at 0°C temperature for 20 

min and then for the next 20 min at RT. After that time respective alcohol (11 mmol) 

was added and the mixture was stirred at RT for the next 48 h. Reaction time was 

determined by TLC. The solution was filtered to remove triethylamine hydrochloride. 

The THF was evaporated and the residue was quenched by the addition of CH2Cl2 (100 

mL) and was washed sequentially with a solution of HCl(aq) (0.5 M) and then with 

water. The organic layer was evaporated to dryness under reduced pressure and purified 

by CombiFlash® (hexane/ethyl acetate, increasing concentration gradient) to give 

respective compounds as amorphous yellow solids (5–12). 

 

Compound 5 

Amorphous yellowish brown solid, yield 55 mg, 46%, MW = 539.1 g/mol 

(Figure 5-5). 1H-NMR (403 MHz, CDCl3) δ 7.43 (s, 1H), 7.23 (d, J = 10.3 Hz, 1H), 7.07 

(d, J = 10.5 Hz, 1H), 6.55 (d, J = 6.9 Hz, 1H), 4.38–4.27 (m, 1H), 4.05 (dd, J = 8.7, 4.1 

Hz, 2H), 3.96 (s, 3H), 3.95 (s, 3H), 3.67–3.63 (m, 2H), 3.59 (s, 3H), 3.29–3.22 (m, 1H), 

2.45 (s, 3H), 2.33–2.21 (m, 2H), 1.83 (dd, J = 10.4, 6.1 Hz, 1H) ppm. 13C-NMR (101 

MHz, CDCl3) δ 182.4, 159.2, 156.0, 151.2, 150.6, 150.3, 146.5, 137.0, 134.7, 133.5, 

130.0, 128.5, 126.2, 113.5, 66.9, 61.4, 61.4, 61.1, 61.0, 53.7, 34.9, 29.0, 15.1 ppm. FT-

IR (KBr pellet): 3295, 2936, 1719, 1607, 1547, 1463, 1410, 1348, 1324, 1288, 1249, 

1154, 1141, 1083, 1062, 1020 cm−1. ESI-MS (m/z): [M + H]+ calcd. 540, found 540, [M 

+ 2 + H]+ calcd. 542, found 542, [M + Na]+ calcd. 562, found 562, [M + 2 + Na]+ calcd. 

564, found 564. 
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Figure 5-5. Structure of compound 5. 

 

Compound 6 

Amorphous yellowish brown solid, yield 47 mg, 42%, MW = 509.1 g/mol 

(Figure 5-6). 1H-NMR (403 MHz, CDCl3) δ 7.32 (s, 1H), 7.20 (d, J = 10.3 Hz, 1H), 7.03 

(d, J = 10.4 Hz, 1H), 5.60 (d, J = 7.2 Hz, 1H), 4.37–4.27 (m, 1H), 3.97 (s, 3H), 3.95 (s, 

3H), 3.60 (s, 3H), 3.59 (s, 3H), 3.25 (d, J = 8.0 Hz, 1H), 2.43 (s, 3H), 2.25 (dd, J = 6.8, 

3.4 Hz, 2H), 1.76–1.66 (m, 1H) ppm. 13C-NMR (101 MHz, CDCl3) δ 182.3, 159.3, 

156.0, 151.2, 150.4, 149.9, 146.6, 136.6, 134.5, 133.4, 130.1, 128.5, 125.8, 113.5, 61.5, 

61.4, 61.0, 53.6, 52.3, 35.2, 29.0, 15.2 ppm. FT-IR (KBr pellet): 3297, 2932, 1725, 1608, 

1551, 1463, 1410, 1348, 1323, 1289, 1248, 1197, 1153, 1020 cm−1. ESI-MS (m/z): [M 

+ H]+ calcd. for 510, found 510, [M + 2 + H]+ calcd. 512, found 512, [M + Na]+ calcd. 

534, found 534, [M + 2 + Na]+ calcd. 536, found 536. 

 

Figure 5-6. Structure of compound 6. 

 



 

 

126 

 

Compound 7 

Amorphous yellowish brown solid, yield 35 mg, 30%, MW = 524.4 g/mol 

(Figure 5-7). 1H-NMR (403 MHz, CDCl3) δ 7.32 (s, 1H), 7.20 (d, J = 10.3 Hz, 1H), 7.03 

(d, J = 10.5 Hz, 1H), 5.35 (d, J = 7.2 Hz, 1H), 4.37–4.28 (m, 1H), 4.02 (dd, J = 7.1, 2.2 

Hz, 1H), 3.98 (s, 3H), 3.96 (s, 3H), 3.94–3.90 (m, 1H), 3.61 (s, 3H), 3.27 (d, J = 8.9 Hz, 

1H), 2.44 (s, 3H), 2.30–2.24 (m, 2H), 1.72–1.65 (m, 1H), 1.19 (t, J = 7.1 Hz, 3H) ppm. 

13C-NMR (101 MHz, CDCl3) δ 182.3, 159.2, 155.5, 151.1, 150.4, 149.9, 146.6, 136.6, 

134.5, 133.4, 130.09, 128.5, 125.8, 113.5, 61.5, 61.4, 61.2, 61.0, 53.4, 35.3, 29.0, 15.2, 

14.4 ppm. FT-IR (KBr pellet): 3303, 2935, 1716, 1608, 1550, 1460, 1406, 1346, 1322, 

1248, 1150, 1084, 1020 cm−1. ESI-MS (m/z): [M + H]+ calcd. for 524, found 524, [M + 

2 + H]+ calcd. 526, found 526, [M + Na]+ calcd. 546, found 546, [M + 2 + Na]+ calcd. 

548, found 548. 

 

Figure 5-7. Structure of compound 7. 

 

Compound 8 

Amorphous yellowish solid, yield 49 mg, 38%, MW = 578.4 g/mol (Figure 5-8). 

1H-NMR (403 MHz, CDCl3) δ 7.37 (s, 1H), 7.22 (d, J = 10.3 Hz, 1H), 7.06 (d, J = 10.6 

Hz, 1H), 6.18 (d, J = 7.4 Hz, 1H), 4.48 (dq, J = 12.6, 8.5 Hz, 1H), 4.38–4.29 (m, 1H), 

4.17–4.06 (m, 1H), 3.98 (s, 3H), 3.96 (s, 3H), 3.59 (s, 3H), 3.29 (dd, J = 13.2, 4.3 Hz, 

1H), 2.44 (s, 3H), 2.38–2.23 (m, 2H), 1.82 (dt, J = 11.0, 4.7 Hz, 1H) ppm. 13C-NMR 

(101 MHz, CDCl3) δ 182.3, 159.6, 153.5, 151.3, 150.4, 149.4, 146.7, 136.5, 134.8, 

133.3, 129.9, 128.4, 126.0, 124.2, 121.4, 113.6, 61.5, 61.2, 61.2, 61.0, 60.8, 54.0, 35.1, 
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28.9, 15.2 ppm. 19F-NMR (379 MHz, CDCl3) δ −74.8 ppm. FT-IR (KBr pellet): 3221, 

2938, 1735, 1610, 1543, 1464, 1411, 1349, 1325, 1283, 1244, 1161, 1100, 1081, 1021 

cm−1. ESI-MS (m/z): [M + H]+ calcd. for 578, found 578, [M + 2 + H]+ calcd. 580, found 

580, [M + Na]+ calcd. 600, found 600, [M + 2 + Na]+ calcd. 602, found 602. 

 

Figure 5-8. Structure of compound 8. 

 

Compound 9 

Amorphous yellowish brown solid, yield 57 mg, 48%, MW = 538.5 g/mol 

(Figure 5-9). 1H-NMR (403 MHz, CDCl3) δ 7.33 (s, 1H), 7.21 (d, J = 10.3 Hz, 1H), 7.04 

(d, J = 10.5 Hz, 1H), 5.39 (d, J = 7.3 Hz, 1H), 4.33 (dt, J = 12.6, 6.4 Hz, 1H), 3.98 (s, 

3H), 3.96 (s, 3H), 3.95–3.90 (m, 2H), 3.61 (s, 3H), 3.27 (d, J = 9.1 Hz, 1H), 2.44 (s, 

3H), 2.27 (dd, J = 7.1, 3.6 Hz, 2H), 1.69 (dd, J = 15.9, 5.1 Hz, 1H), 1.63–1.52 (m, 2H), 

0.89 (t, J = 7.4 Hz, 3H) ppm. 13C-NMR (101 MHz, CDCl3) δ 182.3, 159.2, 155.6, 151.1, 

150.4, 149.9, 146.6, 136.6, 134.5, 133.4, 130.1, 128.5, 125.8, 113.5, 66.9, 61.5, 61.4, 

61.0, 53.4, 35.3, 29.0, 22.1, 15.2, 10.2 ppm. FT-IR (KBr pellet): 3300, 2937, 1717, 1608, 

1549, 1463, 1410, 1348, 1324, 1288, 1245, 1153, 1083, 1020 cm−1. ESI-MS (m/z): [M 

+ Na]+ calcd. 560, found 560, [M + 2 + Na]+ calcd. 562, found 562. 
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Figure 5-9. Structure of compound 9. 

 

Compound 10 

Amorphous yellowish brown solid, yield 50 mg, 42%. MW = 538.5 g/mol 

(Figure 5-10). 1H-NMR (403 MHz, CDCl3) δ 7.29 (s, 1H), 7.19 (d, J = 10.3 Hz, 1H), 

7.02 (d, J = 10.4 Hz, 1H), 5.15 (d, J = 6.7 Hz, 1H), 4.77 (dp, J = 12.5, 6.2 Hz, 1H), 

4.36–4.26 (m, 1H), 3.97 (s, 3H), 3.95 (s, 3H), 3.60 (s, 3H), 3.29–3.23 (m, 1H), 2.43 (s, 

3H), 2.25 (dd, J = 7.3, 3.9 Hz, 2H), 1.71–1.62 (m, 1H), 1.16 (dt, J = 16.2, 8.1 Hz, 6H) 

ppm. 13C-NMR (101 MHz, CDCl3) δ 182.4, 159.2, 155.0, 151.1, 150.4, 149.9, 146.6, 

136.6, 134.5, 133.4, 130.1, 128.5, 125.8, 113.5, 68.7, 61.5, 61.4, 61.0, 53.3, 35.4, 29.0 

22.1, 22.1, 15.2. FT-IR (KBr pellet): 3328, 2936, 1715, 1609, 1550, 1464, 1411, 1348, 

1323, 1286, 1245, 1153, 1111, 1084, 1021 cm−1. ESI-MS (m/z): [M + Na]+ calcd. 560, 

found 560, [M + 2 + Na]+ calcd. 562, found 562. 

 

Figure 5-10. Structure of compound 10. 
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Compound 11 

Amorphous brownish solid, yield 54 mg, 44%. MW = 551.1 g/mol (Figure 5-11). 

1H-NMR (403 MHz, CDCl3) δ 7.33 (s, 1H), 7.21 (d, J = 10.3 Hz, 1H), 7.04 (d, J = 10.4 

Hz, 1H), 5.40 (d, J = 7.3 Hz, 1H), 4.38–4.27 (m, 1H), 3.98 (s, 3H), 3.96 (s, 3H), 3.94–

3.90 (m, 2H), 3.61 (s, 3H), 3.27 (d, J = 8.8 Hz, 1H), 2.44 (s, 3H), 2.27 (dd, J = 7.1, 3.5 

Hz, 2H), 1.71 (dd, J = 19.8, 11.1 Hz, 1H), 1.56 (ddd, J = 28.3, 14.4, 7.3 Hz, 2H), 1.32 

(dt, J = 14.7, 7.4 Hz, 2H), 0.93–0.86 (m, 3H) ppm. 13C-NMR (101 MHz, CDCl3) δ 182.3, 

159.2, 155.6, 151.1, 150.4, 149.9, 146.6, 136.6, 134.5, 133.4, 130.1, 128.5, 125.8, 113.5, 

65.1, 61.5, 61.4, 61.0, 53.4, 35.3, 30.8, 28.9, 19.0, 15.2, 13.7 ppm. FT-IR (KBr pellet): 

3288, 2935, 1717, 1608, 1548, 1463, 1410, 1347, 1325, 1246, 1154, 1083, 1020 cm−1. 

ESI-MS (m/z): [M + H]+ calcd. for 552, found 552, [M + 2 + H]+ calcd. 554, found 554, 

[M + Na]+ calcd. 574, found 574, [M + 2 + Na]+ calcd. 576, found 576. 

 

 

Figure 5-11. Structure of compound 11. 

 

Compound 12 

Amorphous orangish solid, yield 54 mg, 42%. MW = 584.5 g/mol (Figure 5-12). 

1H-NMR (403 MHz, CDCl3) δ 7.36 (s, 1H), 7.22 (d, J = 10.3 Hz, 1H), 7.06 (d, J = 10.6 

Hz, 1H), 5.97 (d, J = 7.2 Hz, 1H), 4.35–4.20 (m, 2H), 4.13–4.06 (m, 1H), 3.98 (s, 3H), 

3.96 (s, 3H), 3.78–3.70 (m, 2H), 3.65 (dd, J = 10.0, 5.3 Hz, 2H), 3.62–3.57 (m, 5H), 

3.27 (d, J = 8.7 Hz, 1H), 2.44 (s, 3H), 2.27 (dd, J = 6.6, 3.5 Hz, 2H), 1.80–1.70 (m, 1H) 

ppm. 13C-NMR (101 MHz, CDCl3) δ 182.4, 159.3, 155.4, 151.2, 150.4, 150.2, 146.6, 
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136.8, 134.7, 133.4, 130.0, 128.3, 126.1, 113.5, 72.4, 69.1, 64.2, 61.5, 61.4, 61.0, 53.7, 

34.9, 28.9, 15.2 ppm. FT-IR (KBr pellet): 3285, 2936, 1718, 1607, 1546, 1463, 1410, 

1348, 1324, 1249, 1137, 1081, 1020 cm−1. ESI-MS (m/z): [M + Na]+ calcd. 606, found 

606, [M + 2 + Na]+ calcd. 608, found 608. 

 

 

Figure 5-12. Structure of compound 12. 

 

5.1.5 Antiproliferative Activity of Colchicine and Its Derivatives 

Four human cancer cell lines and one murine normal cell line were used to 

evaluate antiproliferative activity of colchicine and its derivatives (2–12): human lung 

adenocarcinoma (A549), human breast adenocarcinoma (MCF-7), human colon 

adenocarcinoma cell lines sensitive and resistant to doxorubicin (LoVo) and (LoVo/DX) 

respectively, and also normal murine embryonic fibroblast cell line (BALB/3T3). The 

BALB/3T3 cell line was purchased from the American Type Culture Collection (ATCC, 

Manassas, VA, USA), A549 and MCF-7 cell lines—from European Collection of 

Authenticated Cell Cultures (Salisbury, UK). The LoVo cell line was purchased from 

the American Type Culture Collection (ATCC, Manassas, VA, USA), and LoVo/DX by 

courtesy of Prof. E. Borowski (Technical University of Gdańsk, Gdańsk, Poland). All 

the cell lines are maintained in the Institute of Immunology and Experimental Therapy 

(IIET), Wroclaw, Poland. The human lung adenocarcinoma cell line was cultured in a 

mixture of OptiMEM and RPMI 1640 (1:1) medium (IIET, Wroclaw, Poland), 

supplemented with 5% foetal bovine serum (GE Healthcare, Logan UT, USA) and 2 

mM l-glutamine (Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). Human breast 
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adenocarcinoma cell line was cultured in mixture of Eagle’s medium (IIET, Wroclaw, 

Poland), supplemented with 10% fetal bovine serum, 2 mM l-glutamine, 8 μg/mL 

insulin, and 1% amino-acids (Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). 

Human colon adenocarcinoma cell lines were cultured in mixture of OptiMEM and 

RPMI 1640 (1:1) medium (IIET, Wroclaw, Poland), supplemented with 5% fetal bovine 

serum (GE Healthcare, Logan, UT, USA), 2 mM l-glutamine, 1 mM sodium pyruvate 

(Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA) and 10 μg/100 mL doxorubicin 

for LoVo/DX (Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). Murine 

embryonic fibroblast cells were cultured in Dulbecco medium (Life Technologies 

Limited, Paisley, UK), supplemented with 10% foetal bovine serum (GE Healthcare, 

Logan, UT, USA) and 2 mM glutamine (Sigma-Aldrich, Merck KGaA, Saint Louis, 

MO, USA). All culture media contained antibiotics: 100 U/mL penicillin and 100 μg/mL 

streptomycin (Polfa–Tarchomin, Warsaw, Poland). All cell lines were cultured during 

the entire experiment in a humid atmosphere at 37°C and 5% CO2. Cells were tested for 

mycoplasma contamination by mycoplasma detection kit for conventional PCR: Venor 

GeM Classic (Minerva Biolabs GmbH, Berlin, Germany) and negative results was 

obtained. The procedure was repeated every year or in the case of less frequently used 

lines: after thawing. 

 

5.1.6 The Antiproliferative Assays In vitro 

Twenty-four h before adding the tested compounds, all cell lines were seeded in 

96-well plates (Sarstedt, Nümbrecht, Germany) in appropriate media with 104 cells per 

well. All cell lines were exposed to each tested agent at four different concentrations in 

the range 100–0.01 μg/mL for 72 h. Cells were also exposed to the reference drug 

cisplatin (Teva Pharmaceuticals Polska, Warsaw, Poland) and doxorubicin (Accord 

Healthcare Limited, Middlesex, UK). Additionally, all cell lines were exposed to DMSO 

(solvent used for tested compounds) (POCh, Gliwice, Poland) at concentrations 
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corresponding to these present in tested agents’ dilutions. After 72 h sulforhodamine B 

assay (SRB) was performed [26]. 

 

SRB 

After 72 h of incubation with the tested compounds, cells were fixed in situ by 

gently adding 50 μL per well of cold 50% trichloroacetic acid TCA (POCh, Gliwice, 

Poland) and were incubated at 4°C for one hour. Following, wells were washed four 

times with water and air dried. Next, 50 μL of 0.1% solution of sulforhodamine B 

(Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA) in 1% acetic acid (POCh, 

Gliwice, Poland) were added to each well and plates were incubated at room temperature 

for 0.5 h. After incubation time, unbound dye was removed by washing plates four times 

with 1% acetic acid whereas stain bound to cells was solubilized with 10 mM Tris base 

(Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). Absorbance of each solution 

was read at Synergy H4 Hybrid Multi-Mode Microplate Reader (BioTek Instruments, 

Inc., Winooski, VT, USA) at the 540 nm wavelength. 

Results are presented as mean IC50 (concentration of the tested compound, that 

inhibits cell proliferation by 50%) ± standard deviation. IC50 values were calculated in 

Cheburator 0.4, Dmitry Nevozhay software (version 1.2.0 software by Dmitry 

Nevozhay, 2004–2014, http://www.cheburator.nevozhay.com, freely available) for each 

experiment [27]. Compounds at each concentration were tested in triplicates in single 

experiment and each experiment was repeated at least three times independently. Results 

are summarized in Table 5-1. Antiproliferative activity of colchicine (1) and its 

derivatives (2–12) compared with antiproliferative activity of standard anticancer drugs 

doxorubicin and cisplatin and the calculated values of resistance index (RI) and 

selectivity index (SI) of tested compounds.. The Resistance Index (RI) was defined as 

the ratio of IC50 for a given compound calculated for resistant cell line to that measured 

for its parental drug sensitive cell line (Table 5-1). 
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5.1.7 Molecular Docking Simulations 

A combination of different computational methods was used to explore ligand-

tubulin interactions. The ligands structures were fully optimized based on the RHF/cc-

pVDZ level of theory [28] in GAMESS-US version 2010-10-01 [29-31]. Since there is 

no crystal structure available for human βІ tubulin (TBB5_HUMAN), we obtained its 

sequence from UniProt (ID: Q13509). We used the tubulin structure 1SA0.pdb as a 

template to construct the homology model for βІ tubulin using MOE2015. We then 

docked the colchicine library to the protein using the Autodock4 program [32] under 

flexible ligand and rigid receptor conditions (Table 5-2). To verify the computed binding 

free energies, we employed two accurate but computationally expensive methods, 

namely MM/PBSA and MM/GBSA. 

 

5.2 Results 

5.2.1 Chemistry 

In the present chapter, we report the synthesis and spectroscopic analysis of a 

series of eight novel triple-modified colchicine derivatives (5–12). As shown in Figure 

5-13, 4-bromocolchicine (2), 4-bromothiocolchicine (3), and 4-bromo-N-

deacetylthiocolchicine (4) were prepared according to previously described methods 

[22,24,25]. Compound 4 became the starting material for the synthesis of triple-modified 

colchicine derivatives. Compounds 5–12 were readily available from 4 by treatment 

with triphosgene as an activating reagent in the presence of triethylamine and the excess 

of respective alcohol or glycol in dry THF with yields from 30% to 48%. The structures 

of all products 2–12 were determined using the ESI-MS, FT-IR, 1H and 13C-NMR 

methods. Spectra are shown in (Appendix D, Figures D1–D23) and the results are also 

presented in the Materials and Methods section. All the spectroscopic and mass 
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spectrometry data presented in (Appendix D) confirm the structures of the studied 

compounds. 

 

 

Figure 5-13. Synthesis of colchicine derivatives (2–12). Reagents and conditions: (a) N-

bromosuccinimide (NBS), acetonitrile, room temperature; (b) MeOH/H2O, CH3SNa, room 

temperature; (c) 2M HCl, 90°C, 72 h; (d) triphosgene, Et3N, respective alcohol, 

tetrahydrofuran (THF), 0°C → room temperature. 

 

In the 13C-NMR spectra of the 2, a resonance for the C-4 carbon atom of the A 

aromatic ring was observed at 113.5 ppm, while in 1 it was observed at 107.3 ppm. After 

the introduction of thiometyl group in C-10 positions shifts of the signal for the C-20 

carbon atom in compound 3 were observed at 15.2 ppm, while in unmodified 1 as well 

as 2 shifts of the signal for the C-20 carbon atom were observed in the range 56.1–56.5 

ppm. In the 13C-NMR spectra of the 4 signals for the acetyl group, which were observed 

at 170.0 and 22.9 ppm in compound 3, had disappeared. In carbamates (5–12), shifts of 

the signal for the carbamate carbon atom were observed in the range 153.5–156.0 ppm. 
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5.2.2 In vitro Determination of Drug-Induced Inhibition of Human 

Cancer Cell Line Growth 

The eight triple-modified colchicine derivatives (5–12), three other colchicine 

derivatives (2–4), and starting material (1) were evaluated for their in vitro 

antiproliferative effect on normal and cancerous cells. Each compound was tested on 

four human cancer cell lines, including one cell line displaying various levels of drug 

resistance, namely human lung adenocarcinoma (A549), human breast adenocarcinoma 

(MCF-7), human colon adenocarcinoma cell line (LoVo) and doxorubicin-resistant 

subline (LoVo/DX). The antiproliferative effect was also studied on the normal murine 

embryonic fibroblast cell line (BALB/3T3) for better evaluation of cytotoxic activity of 

the compounds studied. The mean values IC50 ± SD of the tested compounds are 

summarized in Table 5-1 

. To evaluate the agents’ activity against the cells with MDR (multidrug 

resistance) phenotype, one drug resistant cancer cell line, i.e., LoVo/DX, was tested and 

the resistance index values (RI) were calculated (see Table 5-1). The RI values indicate 

how many times more resistant the subline was in comparison to its parental cell line. 

All of the colchicine derivatives (2–12) showed higher antiproliferative activity 

against the A549 cell line than the commonly used cytostatic agents—doxorubicin (IC50 

= 0.258 μM) and cisplatin (IC50 = 6.367 μM), as well as 1 itself (IC50 = 0.125 μM). The 

triple-modified colchicine derivatives (5–12) exhibited very significant activity with 

IC50 values ranging from 0.010 to 0.095 μM. As many as five of the compounds tested, 

including three of the triple-modified derivatives (6, IC50 = 0.013 μM; 7, IC50 = 0.018 

μM; 9, IC50 = 0.027 μM), exhibited better activity against the MCF-7 cell line than 1 

(IC50 = 0.054 μM). All of the colchicine derivatives (2–12) as well as 1 showed higher 

antiproliferative activity against the MCF-7 cell line than doxorubicin (IC50 = 0.386 μM) 

and cisplatin (IC50 = 10.70 μM). As many as nine of the colchicine derivatives (except 

4 and 12) showed better activity against the LoVo cell line, with IC50 values in the range 
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of 0.007–0.085 μM, than 1 (IC50 = 0.108 μM) and doxorubicin (IC50 = 0.092 μM). All 

of the colchicine derivatives (2–12) as well as 1 showed higher antiproliferative activity 

against the LoVo cell line than cisplatin (IC50 = 4.37 μM). 

The data presented in Table 5-1 show that all of the studied compounds including 

unmodified colchicine and the two reference anticancer drugs less effectively inhibited 

the proliferation of the resistant LoVo/DX cell line than the sensitive LoVo cell line. 

However, all of the colchicine derivatives (2–12) with IC50 values in the range of 0.050–

1.550 μM as well as 1 (IC50 = 1.69 μM) showed higher antiproliferative activity against 

the LoVo/DX cell line than doxorubicin (IC50 = 4.75 μM) and cisplatin (IC50 = 5.70 

μM). The calculated values of RI clearly confirmed that only compounds 10 and 11 (RI 

= 1.7 and 1.5, respectively) are able to efficiently overcome the drug resistance of the 

LoVo/DX cell line simultaneously showing very high antiproliferative activity (IC50 = 

0.089 μM and 0.091 μM, respectively). 

The values of the selectivity index (SI) were calculated to evaluate the toxicity 

of compounds against normal cells. The SI values calculated for A549, MCF-7, and 

LoVo cell lines were especially high (SI ≥ 4.3) for compounds 6–9 (except SI of 8 for 

the MCF-7 cell line). These values were much higher than the SI values of commonly 

used drugs, such as doxorubicin and cisplatin. High SI values result from large 

differences between the cytotoxicity against cancer and normal cells and this means that 

cancer cells will be killed at a higher rate than normal ones. Moreover, compounds 6–9 

showed very high antiproliferative activity against A549, MCF-7, and LoVo cell lines, 

which is expressed by very low IC50 values (IC50 = 0.010–0.030; 0.013–0.027 (without 

8), and 0.007–0.018 for A549, MCF-7, and LoVo, respectively).
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 Table 5-1. Antiproliferative activity of colchicine (1) and its derivatives (2–12) compared with antiproliferative activity of standard 

anticancer drugs doxorubicin and cisplatin and the calculated values of resistance index (RI) and selectivity index (SI) of tested compounds. 

 Cancer Cells Normal Cells 

Compound A549   MCF-7   LoVo   LoVo/DX   BALB/3T3 

 IC50 (μM) SI  IC50 (μM) SI  IC50 (μM) SI  IC50 (μM) SI RI IC50 (μM) 

1 0.125 ± 0.013 1.11  0.054 ± 0.028 2.57  0.108 ± 0.025 1.29  1.69 ± 0.28 0.08 15.65 0.139 ± 0.073 

2 0.105 ± 0.008 1.35  0.027 ± 0.008 5.26  0.084 ± 0.021 1.69  1.550 ± 0.170 0.09 18.45 0.142 ± 0.073 

3 0.010 ± 0.0001 10.3  0.015 ± 0.002 6.87  0.014 ± 0.004 7.36  0.135 ± 0.012 0.76 9.64 0.103 ± 0.089 

4 0.115 ± 0.007 8.13  0.178 ± 0.020 7.08  0.125 ± 0.044 10.08  0.700 ± 0.088 1.80 5.60 1.260 ± 0.796 

5 0.074 ± 0.009 1.41  0.057 ± 0.011 1.82  0.074 ± 0.019 1.41  1.010 ± 0.020 0.10 13.65 0.104 ± 0.043 

6 0.010 ± 0.0001 6.60  0.013 ± 0.002 5.08  0.007 ± 0.002 9.43  0.050 ± 0.010 1.32 7.14 0.066 ± 0.031 

7 0.012 ± 0.004 8.50  0.018 ± 0.002 5.67  0.011 ± 0.004 9.27  0.071 ± 0.010 1.44 6.45 0.102 ± 0.063 

8 0.030 ± 0.021 4.60  0.055 ± 0.026 2.51  0.018 ± 0.010 7.67  0.074 ± 0.007 1.86 4.11 0.138 ± 0.010 

9 0.012 ± 0.004 9.67  0.027 ± 0.007 4.30  0.011 ± 0.0001 10.55  0.072 ± 0.011 1.61 6.55 0.116 ± 0.009 

10 0.089 ± 0.020  1.94  0.132 ± 0.017 1.31  0.054 ± 0.017 3.20  0.089 ± 0.026 1.94 1.65 0.173 ± 0.108 

11 0.095 ± 0.005 1.54  0.125 ± 0.014 1.17  0.062 ± 0.013 2.35  0.091 ± 0.009 1.60 1.47 0.146 ± 0.014 

12 0.093 ± 0.014 2.14  0.125 ± 0.015 1.08  0.281 ± 0.185 0.48  4.240 ± 1.330 0.03 15.09 0.135 ± 0.015 

Doxorubicin 0.258 ± 0.044 0.64  0.386 ± 0.118 0.43  0.092 ± 0.018 1.80  4.75 ± 0.99 0.035 51.60 0.166 ± 0.074 

Cisplatin 6.367 ± 1.413 0.61  10.70 ± 0.753 0.36  4.37 ± 0.73 0.89  5.70 ± 0.63 0.68 1.3 3.90 ± 1.50 

The IC50 value is defined as the concentration of a compound at which 50% growth inhibition is observed. The SI (selectivity index) was calculated for each compound using 

the formula: SI = IC50 for normal cell line BALB/3T3/IC50 for respective cancerous cell line. A beneficial SI > 1.0 indicates a drug with efficacy against tumor cells greater than 

the toxicity against normal cells. The RI (resistance index) indicates how many times a resistant subline is chemo-resistant relative to its parental cell line. The RI was calculated 

for each compound using the formula: RI = IC50 for LoVoDX / IC50 for LoVo cell line. When RI is 0–2, the cells are sensitive to the compound tested, RI in the range 2–10 

means that the cell shows moderate sensitivity to the drug tested, RI above 10 indicates strong drug-resistance. 
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5.2.3 Molecular Docking: In Silico Determination of Drug-Induced 

Inhibition of βІ Tubulin 

βІ tubulin, one of the subunits of microtubules in the cytoskeleton of eukaryotic 

cells, is a well-known and well-studied target for chemotherapeutic drugs selected to 

inhibit the growth and proliferation of cancer cells. The computational evaluation of 

binding energies between drug candidates and βІ tubulin performed by docking is a fast 

and inexpensive prediction method to investigate and rank the ability to arrest cancer 

cell proliferation by new compounds, which inhibit microtubule assembly. Here, the 

binding energies of new colchicine derivatives were calculated by docking the referred 

compounds to the colchicine-binding pocket of βІ tubulin. 

A combination of different computational methods was used to explore ligand-

tubulin interactions. The ligand structures were first energy-minimized, then fully 

optimized based on the RHF/cc-pVDZ level of theory implemented in the software 

package GAMESS-US, version 2010-10-01. Since there is no crystal structure for 

human βІ tubulin (UniProt ID: P07437) available in the Protein Data Bank (PDB), the 

bovine tubulin structure 1SA0.pdb was used as a template to construct the homology 

model for human βІ tubulin using the software package MOE2015. Autodock4 program 

under flexible ligand and rigid receptor conditions was also used to dock the small 

library of investigated colchicine derivatives to the target protein structure (see Table 

5-2). AutoDock4 software is designed to predict how ligands bind to a receptor of a 

known 3D structure and it consists of two main modules: (1) autodock, which performs 

the docking of the ligand to a set of grids describing the target protein; and (2) auto grid, 

which pre-calculates these grids. 
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Table 5-2. Calculated binding energies for the interactions between the new colchicine 

derivatives investigated in this chapter and βІ tubulin, and also the values of the Moriguchi 

octanol-water partition coefficient, MlogP, calculated for the same colchicine derivatives. 

C
o

m
p

o
u

n
d

 

Binding 

Energy 

(kcal/mol) 

Interactions MW MlogP 
Active 

Residues 

1 −8.09 

 

399.44 1.37 Asn258 

2 −8.40 

 

481.37 1.93 

Met259 

Asn258 

Lys352 

3 −8.60 

 

497.44 2.69 

Met259 

Lys352 

Val315 
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4 −8.12 

 

455.40 2.71 

Asn349 

Met259 

Lys352 

Cys241 

5 −7.68 

 

543.46 2.20 

Cys241 

Ala317 

Val315 

Met259 

6 −8.99 

 

513.43 2.74 

Met259 

Lys352 

Val315 
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7 −9.20 

 

527.46 2.95 
Met259 

Val315 

8 −7.61 

 

581.43 3.26 

Cys241 

Asn258 

Ala317 

9 −8.21 

 

541.49 3.16 
Cys241 

Ala317 
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10 −8.06 

 

541.49 3.16 
Cys241 

Ala317 

11 −9.25 

 
 

528.51 2.30 

Lys352 

Asn258 

Val315 

12 −7.92 

 

587.52 1.87 

Ala317 

Asn258 

Met259 

Cys241 

 

Based on our in silico calculations, 11, 7, 6, and 3 show the strongest binding 

energies of −9.25, −9.20, −8.99, and −8.60 kcal/mol, respectively. Note that two Met 

259 and Lys 352 residues in the colchicine binding site of βІ tubulin interact with C-20 

(sidechain donor) and oxygen of carbonyl (sidechain acceptor) on ring C of the new 

colchicine derivatives, respectively. The diagrams depicting these interactions can be 

found in Table 5-2. 
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The evaluation of IC50 values in a cell-based assay involves interactions of the 

tested compounds with all tubulin expressed by the cell and βІ tubulin isotype is not the 

only isotype of tubulin expressed, although it is expected to be one of the most abundant 

ones. Even though both normal and cancer cells in humans contain the same tubulin 

isotypes, their expression levels and distribution of tubulin isotypes in each of the cell 

lines are different. In particular, the most abundant isotype in most tumors is βІ isotype 

(TUBB) followed by, βІVb (TUBB4B), βІIa (TUBB2A), βV (TUBB6), and βІII (TUBB3), 

with 47%, 38%, 8.9%, 3.1%, and 2.2%, respectively, and then βІVa (TUBB4), βІIb 

(TUBB2B), and βVI (TUBB1) with levels below 0.5% of the total expressed β tubulins. 

Since the expression levels of tubulin isotypes in each individual cell lines are unique, 

the binding energies for each of these isotypes would differ and affect the overall 

response to cytotoxic agents and make the computational prediction fairly complex [33]. 

To quantify the assumption that isotype expression levels correlate with cytotoxicity of 

the compounds acting on these isotypes of tubulin, the same docking simulation method 

was applied between the novel colchicine derivatives and βІIa (UniProt ID: Q13885), 

βІIb (UniProt ID: Q9BVA1), βІII (UniProt ID: Q13509), βІVa (UniProt ID: P04350), 

βІVb (UniProt ID: P68371), and βVI (UniProt ID: Q9H4B7) tubulin isotypes. 

5.2.4 Linear regression with two independent variables 

Following the docking simulations, in order to determine the level of correlation 

between experiment and computational simulations, we have calculated the linear 

regression coefficients between experimental values of IC50 and computational 

prediction for different β tubulin isotypes. To have a more realistic correlation 

coefficient, a logarithmic value of solubility of the compounds, the Moriguchi octanol-

water partition coefficients (MLogP), were calculated using a software package called 

ADMET Predictor 8.0 (ADMET Predictor, Simulations Plus, Lancaster, CA, USA) and 

taken into account for predicting the biopharmaceutic properties like permeability and 

the understanding of transport mechanisms of the drugs in vivo [34]. The partition 
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coefficient is also a useful factor in estimating and comparing the distribution of the 

drugs within the cells, organs, and the body. 

A very good correlation of 0.66 and 0.84 involving log IC50 for LoVo and 

LoVo/DX cell lines, respectively, was the result of linear regression analysis with two 

independent variables, namely the compounds’ MlogP values and the other being the 

binding free energies of our compounds and the tubulin βІ isotype. These two cell lines 

have also a good correlation of 0.72 and 0.80 with the binding free energies of the 

compounds to the βІVb isotype, respectively. MlogP and the experimental IC50 values 

of 4-bromocolchicine based series are listed in Table 5-3, (Appendix D, Figures D24 

and D25). For the A549 cell line, the regression coefficients found were 0.43, 0.43, and 

0.51 with binding free energies for βІ, βІVb, and βІVa isotypes, respectively. The 

reported regression coefficient for the A549 cell line is still acceptable, while its value 

for the MCF-7 and BALB/3T3 cell lines is very low (see Table 5-3). The reason for the 

latter discrepancy between computation and experiment may be due to additional 

biological factors, such as the upregulation of MDR proteins that act as efflux pumps 

and prevent the drugs from exerting their cytotoxic action. Another possibility could 

involve off-target interactions. 

 

Table 5-3. Linear regressions involving two independent variables (the binding free energy 

obtained from the docking method and MlogP) of the investigated colchicine derivatives 

versus log IC50 [μM] in different cancer cell lines. 

Linear regression of 

colchicine derivatives (R2) 

 MCF-7 LoVo LoVo/DX A549 BALB/3T3 

βI 0.11 0.66 0.84 0.43 0.02 

βIIa 0.01 0.53 0.68 0.30 0.07 

βIIb 0.15 0.69 0.76 0.42 0.0004 

βIII 0.01 0.57 0.71 0.36 0.09 

βIVa 0.16 0.65 0.74 0.51 0.31 

βIVb 0.02 0.72 0.80 0.43 0.01 

βVI 0.03 0.56 0.66 0.38 0.09 
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To further investigate the accuracy of the reported linear regressions between 

our computational results obtained using the docking method and the experimentally 

generated IC50 values, more accurate but also more time-consuming computational 

methods were applied to calculate the binding free energies between the novel colchicine 

derivatives and β tubulin isotypes. This analysis is described below. 

 

5.2.5 MM/PBSA and MM/GBSA: In Silico Determination of Drug-

Induced Inhibition of β Tubulin Isotypes 

The molecular operating environment (MOE) was used to build a 3D model for 

the α-βI tubulin heterodimer [35]. Human tubulin protein sequences were obtained from 

UniProt [36]. The sequence corresponding to the gene TUBA1A (UniProt ID: Q71U36) 

was chosen as a reference sequence for human α-tubulin whereas gene TUBB associated 

to βI isoform (UniProt ID: P07437) was chosen for human β-tubulin. Homology 

modeling was performed using MOE by setting the number of generated models to 10 

and by selecting the final model based on MOE’s generalized Born/volume integral 

(GB/VI) scoring function. As a template, the crystallographic structure of α-βIIb tubulin 

isotype complexed with colchicine (PDB ID: 1SA0) was used [37]. During the 

modeling, cofactors including GTP, GDP, colchicine, and the magnesium ion located at 

the interface between α- and β-monomers were kept as part of the environment and 

included in the refinement step. The final model was eventually protonated at neutral 

pH and minimized using a MOE’s built-in protocol. 

In order to equilibrate our model and get representative conformations, 

molecular dynamics (MDs) simulations were run using Amber14 [38]. Amber’s 

antechamber utility was applied to generate MD parameters—e.g., partial charges, force 

constants, etc.—for the four cofactors from the Gasteiger charge method. Amber’s tleap 

program was applied to solvate the system in TIP3P water. Minimization of the structure 

was carried out in two steps, both using the steepest descent and conjugate gradient 
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methods successively. First, minimization was done during 2 ps on solvent atoms only, 

by restraining the protein-ligand complex. Next, minimization was run without the 

restraint during 10 ps. The structure was then equilibrated in an NVT ensemble during 

20 ps and in an NPT ensemble during 40 ps setting the temperature to 298 K and the 

pressure to 1 bar. Finally, MD production was run for 70 ns. The root-mean-square 

deviation (RMSD) of both the entire tubulin structure and the colchicine binding site 

were found to plateau after 40 ns (see Figure 5-14). 

 

 

 
Figure 5-14. Tubulin βI structure in 3D with (Top) 5 colchicine derivatives with binding 

energies of −8.40 kcal/mol and higher, and (bottom) with 6 colchicine derivatives with 

binding energies lower than −8.40 kcal/mol. 

 

Clustering analysis of the last 30 ns of the generated MD trajectory was carried 

out using Amber’s CPPTRAJ program [39] to identify representative conformations of 

the tubulin dimer. Clustering was done via a hierarchical agglomerative using the RMSD 
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of atoms in the colchicine binding site as a metric. An RMSD cutoff of 1.0 Å was set to 

differentiate the clusters. From clustering analysis, three representative structures of the 

tubulin dimer were found. The structures were further used as a rigid target for the 

screening of 4-bromocolchicine derivatives. 

Docking of 4-bromocolchicine derivatives was performed using the AutoDock 

Vina [40] program, which makes use of an iterated local search global optimizer as a 

searching method. The Vina scoring function combines aspects from knowledge-based 

and empirical potentials. Tested on the same set used for Autodock4, Vina was able to 

identify the correct binding pose in 78% of the cases as compared to 53% for Autodock4 

[41]. For our docking simulations, a cubic box with 30.0 Å for each side centered at the 

center of mass of the bound colchicine was used. All cofactors, namely, GTP, GDP, 

colchicine, and the magnesium ion were removed during docking while the target was 

kept rigid. For every compound, docking was run separately on each of the three tubulin 

representative structures obtained from clustering of the MD trajectory. Every generated 

pose was energy-minimized using Amber14 by keeping the protein fixed and was re-

scored using the Vina software. For each compound/protein-structure pair, the pose with 

the best score was identified and used as an initial configuration for molecular mechanics 

Poisson–Boltzmann surface area MM/PBSA computations. 

The MM/PBSA technique was used to calculate the free energy associated with 

the binding of 4-bromocolchicine derivatives [42,43]. This method combines molecular 

mechanics with continuum solvation models. The binding free energy is estimated as 

∆𝐺𝑏𝑖𝑛𝑑 = 〈∆𝐸𝑀𝑀〉 − 𝑇∆𝑆 + ∆𝐺𝑠𝑜𝑙𝑣 , (1) 

where 〈∆𝐸𝑀𝑀〉 − 𝑇∆𝑆 can be regarded as the change in the free energy of the system in 

vacuum (gas phase); it includes the change in the molecular mechanics energy 

〈∆𝐸𝑀𝑀〉 = 〈𝐸𝑀𝑀〉𝑏𝑜𝑢𝑛𝑑 − 〈𝐸𝑀𝑀〉𝑢𝑛𝑏𝑜𝑢𝑛𝑑 and the change in the conformational entropy 

∆𝑆 due to the binding. Since our goal was to compare the binding free energy of similar 

compounds derived from colchicine, ∆𝑆 was not estimated when calculating ∆𝐺𝑏𝑖𝑛𝑑 as 
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each compound is assumed to provide comparable ∆𝑆  values. ∆𝐺𝑠𝑜𝑙𝑣  stands for the 

difference of solvation free energies due to the binding, which is given as ∆𝐺𝑠𝑜𝑙𝑣 =

∆𝐺𝑠𝑜𝑙𝑣
𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − ∆𝐺𝑠𝑜𝑙𝑣

𝑙𝑖𝑔
− ∆𝐺𝑠𝑜𝑙𝑣

𝑝𝑟𝑜𝑡
 where every term on the right-hand side is given as the 

sum of polar and nonpolar contributions. The polar parts are obtained by solving the 

Poisson–Boltzmann (PB) equation or by using the generalized Born (GB) model—

resulting in the MM/GBSA method, whereas the nonpolar terms are estimated from a 

linear relation to the solvent accessible surface area (SASA). The values of 〈∆𝐸𝑀𝑀〉 and 

∆𝐺𝑠𝑜𝑙𝑣 are generally computed as ensemble averages requiring a short MD trajectory of 

the solvated complexed system as input of the MM/PBSA method. In the present case, 

a 1 ns-duration MD trajectory was run in TIP3P water using Amber14, for every top 

pose generated at the end of the docking step. The MM/PBSA and MM/GBSA 

calculations were performed on a subset of 200 frames collected at regular time intervals 

from the trajectory. For PB calculations, an ionic strength of 0.0 nM (istrng = 0.0) and a 

solvent probe radius of 1.6 Å (prbrad = 1.6) were used. For GB calculations, the igb 

parameter was set to 5 that corresponds to a modified GB model equivalent to model II 

in reference [44]. For each of the tested compounds, the best PB and GB score out of 

the three trajectories associated with the three representative structures of the tubulin 

dimer were collected and reported in Table 5-4. 
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Table 5-4. Binding energies (kcal/mol) were calculated by MM/PBSA and MM/GPSA 

methods. 

MM/PBSA—Molecular Mechanics Poisson-Boltzmann Surface Area, MM/GBSA—

Molecular Mechanics Generalized Born Surface Area, PBSA—Poisson-Boltzmann Surface 

Area, GBSA—Generalized Born Surface Area. 

L
ig

a
n

d
 

 GBSA 

βI 

PBSA 

βI 

GBSA 

βIIa 

PBSA 

βIIa 

GBSA 

βIII 

PBSA 

βIII 

GBSA 

βIVb 

PBSA 

βIVb 

GBSA 

βVI 

PBSA 

βVI 

1 −40.4 −40.2 −40.8 −45.4 −33.5 −32.0 −39.5 −44.6 −43.1 −35.6 

2 −36.6 −44.3 −47.0 −31.0 −33.1 −32.5 −44.8 −36.9 −46.8 −44.0 

3 −34.0 −37.2 −33.0 −29.8 −27.7 −28.2 −34.2 −30.9 −33.5 −37.9 

4 −37.1 −43.1 −36.5 −41.4 −34.8 −31.9 −40.2 −43.7 −39.1 −33.8 

5 −36.8 −44.1 −33.3 −42.7 −29.9 −22.9 −35.0 −39.9 −37.9 −39.2 

6 −37.2 −45.7 −38.8 −38.7 −29.3 −29.2 −30.7 −23.0 −34.4 −31.8 

7 −40.3 −44.1 −39.3 −45.5 −28.7 −26.9 −41.0 −49.0 −41.9 −42.6 

8 −48.2 −51.0 −40.0 −25.4 −45.9 −50.0 −47.4 −50.3 −50.7 −45.6 

9 −54.1 −39.5 −58.3 −54.2 −42.8 −41.1 −41.6 −32.4 −61.4 −51.7 
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5.2.6 Linear Regression with Two Independent Variables 

Following the MM/PBSA simulations, we have calculated the linear regression 

coefficients between experiment and computational simulations of different β tubulin 

isotypes. The result of linear regression with two independent variables between the 

binding free energies of βІVb isotypes, MlogP and IC50 for the LoVo and LoVo/DX cell 

lines is that very good correlation coefficients were found, namely 0.78 and 0.67, 

respectively. Also, reasonably good correlation of 0.65 and 0.54 was obtained with the 

binding free energies of βІ isotype for these two cell lines, respectively. These 

correlation coefficients are also consistent with the correlation coefficients calculated 

using the docking binding energies and these cell lines except for LoVo/DX and βІ 

which were lower but still acceptable. For the A549 cell line, the regression coefficients 

found were 0.62, 0.58, and 0.48 for the binding free energies with βІII, βІVb, and βІ 

isotypes, respectively. The reported regression coefficient for the A549 cell line was 

improved a little bit by using the more expensive method but the MM/PBSA method 

could not improve the correlation coefficient values for the MCF-7 and BALB/3T3 cell 

lines and they are still very low (Table 5-5). 

 

10 −58.6 −48.7 −60.9 −37.2 −62.0 −55.6 −58.2 −55.8 −59.4 −49.7 

11 −46.8 −49.8 −41.3 −41.5 −29.3 −19.5 −43.0 −23.9 −45.3 −35.5 

12 −52.7 −45.5 −55.4 −34.8 −39.0 −26.1 −54.0 −32.1 −50.3 −46.4 
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Table 5-5. Linear regressions involving two independent variables (binding energy by 

MM/PBSA method and MlogP) of the investigated colchicine derivatives versus log IC50 

(μM) in different cancer cell lines. 

Linear regression of 

colchicine derivatives (R2) 

 MCF-7 LoVo LoVo/DX A549 BALB/3T3 

βI 0.18 0.65 0.54 0.48 0.0006 

βIIa 0.09 0.57 0.56 0.41 0.0006 

βIII 0.31 0.61 0.40 0.62 0.03 

βIVb 0.22 0.78 0.67 0.58 0.03 

βVI 0.17 0.64 0.67 0.47 0.0005 

 

The LoVo and LoVo/DX cell line correlation with βІ and βІVb isotypes 0.60, 

0.66, 0.65, and 0.71 respectively. The result also shows a good correlation of 0.7 

between binding energies for βV tubulin and LoVo/DX cell line. For, the regression 

coefficients of 0.55 and 0.51 with free energies of βI, the isotypes which showed for the 

A549 cell line were in the same range with docking and MM/GBSA results. There were 

no improvements for the correlation values for the MCF-7 and BALB/3T3 cell lines 

with the MM/GBSA simulations (Table 5-6). 

 

Table 5-6. Linear regressions involving two independent variables (binding energy by 

MM/GBSA method and MlogP) of the investigated colchicine derivatives versus log IC50 

(μM) in different cancer cell lines. 

Linear regression of 

colchicine derivatives (R2) 

 MCF-7 LoVo LoVo/DX A549 BALB/3T3 

βI 0.21 0.60 0.65 0.55 0.0005 

βIIa 0.02 0.54 0.68 0.36 0.0004 

βIII 0.08 0.57 0.59 0.46 0.013 

βIVb 0.12 0.66 0.71 0.51 0.095 

βVI 0.04 0.58 0.70 0.37 0.013 

 

The ranges of correlation coefficients between the IC50 values of all the cell lines 

and the corresponding binding free energies calculated with three different methods are 

the same. Reassuringly, the best correlation values from all three methods used were 

found for βI and βIVb tubulin isotypes, which are reported to be most abundant in these 

types of cells. 
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5.3 Conclusions 

We synthesized a series of novel triple-modified 4-bromothiocolchicine 

derivatives (5–12) as well as 4-bromocolchicine (2), 4-bromothiocolchine (3) and 4-

bromo-N-deacetylthiocolcicine (4) and evaluated their biological activity according to 

the in vitro antiproliferative tests as well as in silico studies. Biological activity was 

evaluated on four human cancer cell lines and a normal murine embryonic fibroblast cell 

line. The results of our study have clearly showed that the cytotoxicity of almost all 

colchicine derivatives (2–12) is higher than the corresponding cytotoxicity of commonly 

used cytostatic agents—doxorubicin and cisplatin against A549, MCF-7, LoVo (except 

4 and 12) and LoVo/DX cancer cell lines. The majority of the derivatives also exhibit a 

higher cytotoxicity than unmodified colchicine. Particularly noteworthy are the 

compounds 6–9, which show very high antiproliferative activity against A549, MCF-7 

and LoVo cell lines, that is expressed by very low IC50 values at nanomolar concetrations 

(IC50 = 0.010–0.030; 0.013–0.027 (without 8) and 0.007–0.018 μM for A549, MCF-7 

and LoVo, respectively). Moreover, compounds 6–9 were demonstrated to be less toxic 

to normal murine fibroblast cells than the currently used anticancer drugs, such as 

cisplatin and doxorubicin, which is confirmed by particularly high selectivity index (SI) 

values calculated for A549, MCF-7, and LoVo cell lines are (SI ≥ 4.3, except SI of eight 

for MCF-7 cell line). The toxicity is a major challenge in designing a potential 

colchicine-based drug candidate. High SI values result from large differences between 

the cytotoxicity against cancer and normal cells and this means that cancer cells exposed 

to the same concentration of the compound will be killed at a higher rate than normal 

ones, which might lead to a potential colchicine-based drug candidate. 

Based on our in silico calculations, 11, 7, 6, and 3 show the strongest binding 

energies of −9.25, −9.20, −8.99 and −8.60 kcal/mol, respectively. Two Met 259 and Lys 

352 residues in the colchicine binding site of βІ tubulin interact with C-20 (sidechain 

donor) and oxygen of carbonyl (sidechain acceptor) on ring C of the new colchicine 

derivatives, respectively. In order to determine the level of correlation between 
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experiment and computational simulations, we have calculated the linear regression 

coefficients between IC50 values and the binding free energies involving the compounds 

and tubulin isotypes as well as the MlogP coefficients for these compounds. A very good 

correlation of 0.66 and 0.84 with log IC50 for LoVo and LoVo/DX cell lines, 

respectively, has been found. For the A549 cell line, the regression coefficient found is 

0.43, still acceptable, while its value for the MCF-7 and BALB/3T3 cell lines is very 

low. This may be explained by a number of additional effects taking place in living cells 

compared to the computational simulations that focus only on the binding mode of the 

compounds to the target. Specifically, off-target interactions involving efflux pumps 

with different affinities for the individual compounds may explain the observed partial 

correlation between IC50 values and binding free energies. Additionally, differences in 

the solubility values and membrane permeability may have to be accounted for when 

ranking the various compounds in biological assays and comparing them to 

computational predictions based on binding affinity alone. We have additionally 

supported these findings with calculations using two very accurate methods of 

calculating the binding energies of ligands to proteins, namely MM/PBSA and 

MM/GBSA. The results using all three in silico approaches have been found consistent. 

In short, these results confirm that a suitable chemical modification of colchicine 

aimed for an improved binding affinity to human tubulin ßI or ßIVb isotypes is a 

promising approach to finding highly biologically active and less toxic compounds. 

Some of the obtained compounds are suitable candidates for further tests (ex vivo, in 

vivo). The synthesis of new colchicine derivatives with diverse substituents is also a next 

step in developing structure-activity relationship (SAR) of colchicine-binding site 

inhibitors. 
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Introduction 

Colchicine (1), (see Figure 6-1) - a major alkaloid isolated from Colchicum 

autumnale and Gloriosa superba, has been in clinical use since 1810 for the treatment of 

acute gout and is also used for familial Mediterranean fever and other diseases [1,2]. 

More recently, its relatively high antiproliferative activity generated interest in the 

development of colchicine and its derivatives as potential anti-cancer drugs [3-5]. The 

anticancer activity of 1 is related to the formation of a colchicine–tubulin complex, 

which prevents microtubule polymerization due to a conformational inflexibility making 

tubulin dimers incompetent for microtubule assembly. As a consequence, the cells 

exposed to it tend to undergo mitotic arrest during the cell cycle, followed by apoptosis 

[6-8]. Various families of microtubule-targeting agents have been successfully applied 

in the treatment of several types of cancer [9,10]. However, the relatively high toxicity 

of colchicine has prevented its use in cancer therapy thus far [5]. To overcome 

colchicine’s general toxicity problem, numerous colchicine derivatives having high 

potency and reduced toxicity have been synthesized and tested over the past few decades 

[8,11-15]. From among a large number of synthetic colchicine analogues, thiocolchicine 

(2) (Figure 6-1) merits special attention. It has a C-10 methylthio group at the tropolone 

ring C instead of a methoxy group and binds at the colchicine site on tubulin. Previous 

studies have indicated that the replacement of oxygen by the sulfur atom leads to 

increased potency of the compound [16-18]. Moreover from the chemical point of view 

2 is also highly stable under acidic hydrolytic conditions [16-18]. 
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Figure 6-1. Synthesis of colchicine derivatives (2–14). Reagents and conditions: (a) 

MeOH/H2O, CH3SNa, RT; (b) 20% HCl, MeOH, reflux; (c) triphosgene, THF, Et3N, 0°C; 

primary or secondary alcohols, RT. 

 

The aim of this work was to develop more selective thiocolchicine derivatives 

while maintaining the potent antiproliferative activity of colchicine. The designed 

compounds (4–14) shown in Figure 6-3 are carbamates of 7-deacetyl-10-thiocolchicine 

(3). We have chosen carbamate derivatives (urethane) of 7-deacetyl-10-thiocolchicine 

(3) since it has been proved that the carbamate group is a key structural motif in many 

approved drugs and prodrugs. In fact, the use of carbamate derivatives has been 

consistently increasing in medicinal chemistry and many derivatives have been 

specifically designed to cause drug–target interactions through their carbamate moiety 

[19]. Additionally, some previously described carbamates of 1 have been also shown to 

be active against gouty arthritis [20]. 

Herein, we report the synthesis of a series of thiocolchicine analogues modified 

at ring-B and obtained in the reaction of 7-deacetyl-10-thiocolchicine (3) with eleven 

different alcohols in the presence of triphosgene. We also describe the results of in vitro 

antiproliferative activity evaluation of the obtained derivatives against human cancer 
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cell lines, namely MCF-7, LoVo, LoVo/DX and A-549 as well as normal cells 

BALB/3T3. To gain more knowledge about the molecular mechanism of action of the 

synthesized compounds, we also present results of a molecular docking study, flow 

cytometric cell cycle analyses, and investigation of the effects on microtubules 

organization using immunofluorescence. 

 

6.1 Experimental 

6.1.1 General 

All precursors for the synthesis of colchicine derivatives and solvents were 

obtained from Aldrich or Fluka and were used as received without further purification. 

CDCl3 spectral–grade solvents were stored over 3 Å molecular sieves for several days. 

All the solvents used in flash chromatography were of HPLC grade (CHROMASOLV 

from Sigma–Aldrich) and were used as received. Reaction mixtures were stirred using 

Teflon-coated magnetic stir bars. Reactions were monitored by thin layer 

chromatography (TLC) using aluminum-backed plates (Merck 60F254). TLC plates 

were visualized in UV-light (254 nm). The 1H, 13C spectra were recorded on a Varian 

VNMR-S 400 MHz spectrometer using TMS as the internal standard in both cases. No 

window function or zero filling was used. 1H NMR measurements of 1–14 

(0.07 mol dm−3) in CDCl3 were carried out at the operating frequency 402.64 MHz. The 

error of the chemical shift value was 0.01 ppm. The 13C NMR spectra were recorded at 

the operating frequency 101.25 MHz. The error of chemical shift value was 0.1 ppm. All 

spectra were locked to deuterium resonance of CDCl3. The 1H and 13C NMR spectra are 

shown in the Appendix E. Then, the FT-IR spectra were recorded in the mid infrared 

region in KBr pallets (2.0/200.0 mg) at 300 K on an IFS 113v FT-IR spectrophotometer 

(Bruker, Karlsruhe) equipped with a DTGS detector; resolution 2 cm−1, NSS = 64. The 

Happ-Genzel apodization function was used. Low-resolution EI-mass spectra were 

recorded using AMD-Intectra GmbH (Harpstedt) D-27243 model 402 double-focusing 
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sector mass spectrometer (ionizing voltage 70 eV; accelerating voltage 8 kV; resolution 

10,000; 10% valley definition). The elemental analyses of 2–6 were carried out on Vario 

ELIII (Elementar, Germany). 

 

6.1.2 Synthesis 

General procedure for the synthesis of 7-deacetyl-10-thiocolchicine derivatives (4–

14) 

The synthetic routes of target compounds 4–14 are depicted in Figure 6-1. A 

solution 7-deacetyl-10-thiocolchicine (3) (200 mg, 0.5355 mmol) in tetrahydrofuran 

(15 ml) and 0.7 cm3 triethyalmine were stirred at 0°C for 15 min. Triphosgene 

(158.9 mg, 0.5355 mmol) dissolved in tetrahydrofuran (2 ml) was added dropwise to the 

cooled solution and stirred at 0°C for 30 min. The solution was then brought to room 

temperature and from 0.2 ml to 1 ml (5.355 mmol) was added of the suitable primary or 

secondary alcohols (for example, 0.22 ml methanol). The course of the reaction was 

followed by silica gel TLC. The mixture was stirred at room temperature for 2 days and 

then filtered to remove the precipitated triethylamine hydrochloride, and the remaining 

solution was evaporated under reduced pressure. The resulting mixture was dissolved in 

CH2Cl2 and extracted with 2 N HCl (aq), and then solvated with water. The organic 

layers were combined and evaporated to dryness under reduced pressure and purified 

using dry-column flash chromatography (Silica gel 60 from Fluka; chloroform/acetone 

10:2) to give respective urethanes derivatives of 7-deacetyl-10-thiocolchicine 4–14. 

Compound 4 

Yield 203 mg, 88%; 1H NMR (403 MHz, CDCl3) δ 7.34 (s, 1H), 7.28 (d, 

J = 0.4 Hz, 1H), 7.26 (s, 1H), 7.05 (d, J = 10.4 Hz, 1H), 6.55 (s, 1H), 5.30 (s, 1H), 4.43 

(dt, J = 13.3, 6.8 Hz, 1H), 3.94 (s, 3H), 3.91 (s, 3H), 3.64 (s, 3H), 3.58 (s, 3H), 2.54 (m, 

1H), 2.44 (s, 3H), 2.28 (m, 1H), 1.84–1.74 (m, 1H);13C NMR (101 MHz, CDCl3) δ 182.4, 
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158.3, 155.9, 153.5, 151.1, 150.5, 141.6, 137.7, 134.5, 134.3, 128.6, 126.2, 125.6, 107.3, 

61.4, 61.3, 56.0, 53.7, 52.2, 37.0, 29.9, 15.1; FT-IR (KBr pellet, νmax, cm−1) 3231, 2942, 

1727, 1608, 1538, 1486, 1406, 1349, 1321, 1255., 1195, 1137, 1099, 1068, 1023, Anal. 

calcd. (%) for C22H25NO6S: C 61.24; H 5.84; N 3.25; S 7.43, Found: C 61.12; H 5.9; 3N 

3.21; S 7.29, MS (EI) m/z 431.3 (M). 

 

Compound 5 

Yield 200 mg, 84%; 1H NMR (403 MHz, CDCl3) δ 7.30 (s, 1H), 7.28 (d, 

J = 7.3 Hz, 1H), 7.25 (s, 1H), 7.04 (d, J = 10.5 Hz, 1H), 6.53 (s, 1H), 5.18 (d, J = 7.5 Hz, 

1H), 4.42 (dt, J = 13.5, 6.8 Hz, 1H), 4.00 (qd, J = 7.3, 4.2 Hz, 2H), 3.93 (s, 3H), 3.90 (s, 

3H), 3.63 (s, 3H), 2.56–2.48 (m, 1H), 2.43 (s, 3H), 2.33–2.21 (m, 1H), 1.74 (m, 1H), 

1.19 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 182.4, 158.2, 155.4, 153.5, 151.1, 

150.6, 141.5, 137.7, 134.4, 134.3, 128.7, 126.2, 125.6, 107.3, 61.4, 61.3, 61.0, 56.0, 

53.5, 37.1, 29.9, 15.1, 14.4; FT-IR (KBr pellet, νmax, cm−1) 3225, 2937, 1718, 1608, 1537, 

1486, 1406, 1374, 1348, 1321, 1284, 1256, 1139, 1097, 1065, 1025; Anal. calcd. (%) 

for C23H27NO6S: C 62.00; H 6.11; N 3.14; S 7.20, Found: C 62.12; H 6.03; N 3.06; S 

7.03, MS (EI) m/z 445.2 (M). 

 

Compound 6 

Yield 177 mg, 72%; 1H NMR (403 MHz, CDCl3) δ 7.35 (s, 1H), 7.28 (d, 

J = 2.5 Hz, 1H), 7.26 (s, 1H), 7.05 (d, J = 10.5 Hz, 1H), 6.55 (s, 1H), 5.49 (s, 1H), 5.30 

(s, 1H), 4.43 (dt, J = 13.3, 6.9 Hz, 1H), 3.94 (s, 3H), 3.91 (s, 3H), 3.64 (s, 3H), 2.54 (dd, 

J = 13.4, 6.0 Hz, 1H), 2.44 (s, 3H), 2.34–2.22 (m, 2H), 1.84–1.75 (m, 1H), 1.55 (dd, 

J = 14.2, 7.1 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 182.4, 

158.2, 155.5, 153.5, 151.1, 150.5, 141.6, 137.7, 134.4, 134.3, 128.7, 126.2, 125.6, 107.3, 

66.7, 61.4, 61.3, 56.0, 53.5, 37.1, 29.9, 22.1, 15.1, 10.2; FT-IR (KBr pellet, νmax, cm−1) 

3210, 2936, 1720, 1608, 1539, 1486, 1406, 1348, 1320, 1284, 1255, 1199, 1139, 1097, 
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1072, 1027; Anal. calcd. (%) for C24H29NO6S: C 62.73%; H 6.36%; N 3.05%; S 6.98%, 

Found C 62.66%; H 6.52%; N 3.01%; S 6.75%, MS (EI) 459.2 (M). 

 

Compound 7 

Yield 86 mg, 35%; 1H NMR (403 MHz, CDCl3) δ 7.32 (s, 1H), 7.28 (d, 

J = 3.0 Hz, 1H), 7.26 (s, 1H), 7.05 (d, J = 10.5 Hz, 1H), 6.55 (s, 1H), 5.24 (s, 1H), 4.82–

4.70 (m, 1H), 4.43 (dt, J = 11.8, 6.8 Hz, 1H), 3.94 (s, 3H), 3.91 (s, 3H), 3.64 (s, 3H), 

2.65–2.48 (m, 1H), 2.44 (s, 3H), 2.33–2.23 (m, J = 19.4, 12.6, 6.5 Hz, 1H), 2.07–1.98 

(m, 1H), 1.86–1.70 (m, 1H), 1.21–1.08 (m, 6H); 13C NMR (101 MHz, CDCl3) δ 182.4, 

158.2, 154.9, 153.5, 151.1, 150.5, 141.6, 137.6, 134.4, 134.3, 128.7, 126.2, 125.6, 107.2, 

68.5, 61.4, 61.3, 56.0, 53.4, 37.3, 29.9, 22.1, 22.0, 15.1; FT-IR (KBr pellet, νmax, cm−1) 

3243, 2935, 1711, 1608, 1525, 1486, 1439, 1407, 1379, 1346, 1317, 1256, 1139, 1119, 

1095, 1027; Anal. calcd. (%) for C24H29NO6S: C 62.73; H 6.36; N 3.05; S 6.98, Found C 

62.67; H 6.44; N 3.15; S 6.78, MS (EI) m/z 459.3 (M). 

Compound 8 

Yield 169 mg, 67%; 1H NMR (403 MHz, CDCl3) δ 7.38 (s, 1H), 7.29 (d, 

J = 1.1 Hz, 1H), 7.27 (s, 1H), 7.06 (d, J = 10.4 Hz, 1H), 6.55 (s, 1H), 5.68 (s, 1H), 4.43 

(dt, J = 25.3, 9.5 Hz, 1H), 3.94 (s, 3H), 3.91 (s, 3H), 3.64 (s, 3H), 2.53 (d, J = 6.1 Hz, 

1H), 2.44 (s, 3H), 2.30 (ddd, J = 19.0, 12.4, 6.2 Hz, 1H), 2.05–1.75 (m, 2H), 1.82 (dd, 

J = 17.7, 11.4 Hz, 1H), 1.53–1.44 (m, 2H), 1.35–1.24 (m, 2H), 0.87 (t, J = 7.3 Hz, 3H); 

13C NMR (101 MHz, CDCl3) δ 182.4, 158.2, 155.6, 153.5, 151.0, 150.7, 141.5, 137.7, 

134.4, 134.3, 128.7, 126.2, 125.5, 107.2, 64.9, 61.4, 61.3, 56.0, 53.5, 37.1, 30.7, 29.8, 

18.9, 15.0, 13.6; FT-IR (KBr pellet, νmax, cm−1) 3308, 2934, 1715, 1607, 1546, 1486, 

1404, 1349, 1322, 1247, 1137, 1095, 1021 Anal. calcd. (%) for C25H31NO6S: C 63.40; H 

6.60; N 2.96; S 6.77, Found C 63.29; H 6.68; N 2.98; S 6.65, MS (EI) m/z 473.2 (M). 
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Compound 9 

Yield 222 mg, 90%; 1H NMR (403 MHz, CDCl3) δ 7.46 (s, 1H), 7.31 (d, 1H), 

7.28 (s, 1H), 6.65 (d, J = 7.3 Hz, 1H), 6.56 (s, 1H), 4.40 (dt, 1H), 4.13–4.01 (m, 2H), 

3.94 (s, 3H), 3.91 (s, 3H), 3.63 (s, 3H), 3.36 (s, 1H), 2.61–2.49 (m, 1H), 2.44 (s, 3H), 

2.35–2.24 (m, J = 18.9, 6.1 Hz, 1H), 1.96–1.86 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 

182.5, 158.2, 155.9, 153.6, 151.3, 151.0, 141.5, 138.2, 134.7, 134.4, 128.7, 126.7, 125.5, 

107.3, 66.8, 61.4, 61.3, 61.0, 56.0, 53.8, 36.8, 29.9, 15.1; FT-IR (KBr pellet, νmax, cm−1) 

3314, 2936, 1715, 1606, 1540, 1486, 1404, 1349, 1322, 1238, 1195, 1137, 1095, 1021; 

Anal. calcd. (%) for C23H27NO7S: C 59.85; H 5.90; N 3.03; S 6.95, Found C 59.77; H 

5.99; N 2.98; S 6.79, MS (EI) m/z 461.2. 

 

Compound 10 

Yield 119 mg, 44%; 1H NMR (403 MHz, CDCl3) δ 7.36 (s, 1H), 7.29 (d, 

J = 10.5 Hz, 1H), 7.27 (s, 1H), 7.07 (d, J = 10.5 Hz, 1H), 6.55 (s, 1H), 5.85 (s, 1H), 4.40 

(dt, 1H), 4.30–4.15 (m, 2H), 4.16–4.02 (m, 2H), 3.94 (s, 3H), 3.91 (s, 3H), 3.74 (d, 

J = 4.4 Hz, 2H), 3.63 (s, 3H), 3.60–3.56 (m, 2H), 3.57 (s, 1H), 2.57–2.51 (m, 1H), 2.44 

(s, 3H), 2.33–2.24 (m, 1H), 1.85–1.76 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 182.4, 

158.4, 155.3, 153.6, 151.1, 150.7, 141.6, 137.8, 134.7, 134.3, 128.5, 126.4, 125.5, 107.3, 

72.4, 69.1, 64.1, 61.5, 61.4, 61.3, 56.1, 53.7, 36.9, 29.8, 15.1; FT-IR (KBr pellet, νmax, 

cm−1) 3312, 2934, 1716, 1606, 1543, 1486, 1459, 1404, 1349, 1322, 1252, 1137, 1095, 

1021; Anal. calcd. (%) for C25H31NO8S: C 59.39; H 6.18; N 2.77; S 6.34, Found C 59.44; 

H 6.07; N 2.67; S 6.15 MS (EI) m/z 505.3 (M). 

 

Compound 11 

Yield 235 mg, 78%; 1H NMR (403 MHz, CDCl3) δ 7.34 (s, 1H), 7.27 (d, 

J = 9.8 Hz, 1H), 7.26 (s, 1H), 7.06 (d, J = 10.6 Hz, 1H), 6.57 (d, J = 14.6 Hz, 1H), 6.12 

(s, 1H), 4.40 (dt, J = 13.3, 6.8 Hz, 1H), 4.16 (dt, J = 11.8, 4.2 Hz, 2H), 4.20–4.00 (m, 
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2H), 3.94 (s, 3H), 3.92 (d, J = 4.6 Hz, 4H), 3.91 (s, 3H), 3.81–3.73 (m, 2H), 3.70–3.67 

(m, 2H), 3.65–3.65 (m, 1H), 3.63 (s, 3H), 2.57–2.49 (m, 1H), 2.44 (s, 3H), 2.32–2.21 

(m, 1H), 1.84–1.77 (m, J = 11.6, 5.2 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 182.4, 

158.2, 155.3, 153.5, 151.0, 150.6, 141.5, 137.7, 134.5, 134.3, 128.6, 126.3, 125.5, 107.2, 

72.3, 70.4, 70.0, 69.2, 63.9, 61.5, 61.4, 61.3, 56.0, 53.6, 36.9, 29.8, 15.1; FT-IR (KBr 

pellet, νmax, cm−1) 3312, 2934, 1716, 1606, 1543, 1486, 1459, 1404, 1349, 1322, 1252, 

1137, 1095, 1021; Anal. calcd. (%) for C27H35NO9S: C 59.00; H 6.42; N 2.55; S 5.83, 

Found C 59.18; H 6.36; N 2.64; S 5.65, MS (EI) m/z 549.0 (M). 

 

Compound 12 

Yield 111 mg, 41%; 1H NMR (403 MHz, CDCl3) δ 7.30 (s, 1H), 7.27 (d, 

J = 2.6 Hz, 1H), 7.25 (s, 1H), 7.04 (d, J = 10.7 Hz, 1H), 6.54 (s, 1H), 5.37 (s, 1H), 4.41 

(dt, J = 11.7, 6.7 Hz, 1H), 4.18–4.07 (m, 2H), 3.94 (s, J = 2.0 Hz, 3H), 3.92 (s, 1H), 3.91 

(s, 3H), 3.63 (s, 3H), 3.56 (ddd, J = 8.9, 5.4, 3.3 Hz, 2H), 3.53–3.48 (m, 2H), 2.60–2.48 

(m, J = 13.6, 5.9 Hz, 1H), 2.43 (s, J = 4.1 Hz, 3H), 2.31–2.23 (m, 1H), 1.80–1.73 (m, 

J = 12.1, 6.5 Hz, 1H), 1.21 (t, J = 7.0 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 182.4, 

158.3, 155.1, 153.5, 151.1, 150.2, 141.6, 137.5, 134.5, 134.2, 128.7, 126.2, 125.6, 107.3, 

68.5, 66.6, 64.4, 61.4, 61.4, 56.1, 53.6, 37.2, 29.8, 15.1, 15.0; FT-IR (KBr pellet, νmax, 

cm−1) 3310, 2932, 1718, 1607, 1548, 1486, 1459, 1404, 1349, 1322, 1285, 1248, 1195, 

1137,1095, 1068, 1022; Anal. calcd. (%) for C25H31NO7S: C 61.33; H 6.38; N 2.86; S 

6.55, Found C 61.27; H 6.48; N 2.76; S 6.51, MS (EI) m/z 489.2 (M). 

 

Compound 13 

Yield 145 mg, 52%; 1H NMR (403 MHz, CDCl3) δ 7.29 (s, 1H), 7.27 (d, 

J = 2.6 Hz, 1H), 7.25 (s, 1H), 7.04 (d, J = 10.7 Hz, 1H), 6.54 (s, 1H), 5.33 (d, J = 7.3 Hz, 

1H), 4.42 (dt, J = 11.8, 6.8 Hz, 1H), 4.18 (dd, J = 6.8, 5.1 Hz, 2H), 4.15–4.08 (m, 2H), 

3.94 (s, 3H), 3.91 (s, 3H), 3.63 (s, 3H), 3.62–3.59 (m, 2H), 3.55 (td, J = 4.0, 1.9 Hz, 2H), 
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3.38 (s, 3H), 2.58–2.50 (m, 1H), 2.43 (s, 3H), 2.32–2.24 (m, 1H), 1.79–1.72 (m, 1H); 3C 

NMR (101 MHz, CDCl3) δ 182.4, 158.3, 155.1, 153.5, 151.1, 150.1, 141.6, 137.5, 134.5, 

134.2, 128.7, 126.1, 125.6, 107.3, 71.8, 70.4, 69.4, 64.2, 61.4, 61.4, 59.0, 56.1, 53.6, 

37.2, 29.7, 15.1; FT-IR (KBr pellet, νmax, cm−1) 3303, 2920, 1718, 1608, 1551, 1485, 

1404, 1349, 1322, 1247,1195, 1137, 1095, 1021; Anal. calcd. (%) for C26H33NO8S: C 

60.10; H 6.40; N 2.70; S 6.17, Found C 60.28; H 6.58; N 2.61; S 6.00, MS (EI) m/z 

519.2 (M). 

Compound 14 

Yield 115 mg, 43%; 1H NMR (403 MHz, CDCl3) δ 7.47 (s, 1H), 7.30 (s, 

J = 10.4 Hz, 1H), 7.28 (s, 1H), 7.10 (d, J = 10.6 Hz, 1H), 6.62 (d, J = 4.9 Hz, 1H), 6.57 

(s, 1H), 4.47 (dt, J = 4.0 Hz, 2H), 3.95 (s, 3H), 3.92 (s, 3H), 3.62 (s, 3H), 3.59 (s, 1H), 

2.55 (s, 1H), 2.45 (s, 3H), 2.05–2.01 (m, 1H), 1.89 (s, 1H); 13C NMR (101 MHz, CDCl3) 

δ 182.4, 158.6, 153.6, 153.6, 151.0, 150.3, 141.6, 137.7, 134.8, 134.3, 128.8, 126.5, 

125.4, 107.3, 61.3, 61.2, 60.9, 60.6, 56.0, 54.1, 36.9, 29.8, 15.1; FT-IR (KBr pellet, νmax, 

cm−1) 3314.3, 2938, 1740, 1608, 1546, 1486, 1350, 1322, 1237, 1163, 1097, 1022; Anal. 

calcd. (%) for C23H24F3NO6S: C 55.30; H 4.84; N 2.80; S 6.42, Found C 55.15; H 4.98; 

N 2.80; S 6.14, MS (EI) m/z 499.1 (M). 

The 1H, 13C NMR, FT-IR and EI MS spectra all tested compounds are included 

in Appendix E (Figures E1–E13). 

 

6.1.3 Antiproliferative activity of colchicine and its derivatives 

A549, MCF-7 cell lines were obtained from the European Collection of 

Authenticated Cell Cultures (ECACC, Salisbury, UK), LoVo and BALB/3T3 were 

obtained from the American Type Culture Collection (ATCC, Manassas VA, USA), and 

LoVo/DX cells were a gift from Prof. Borowski from Gdańsk University of Technology, 

Poland. A549 and LoVo cells were cultured in OptiMEM + RPMI (1:1) medium (PChO 

IIET PAS, Wroclaw, Poland) supplemented with 5% fetal bovine serum (FBS) (GE 
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Healthcare, Logan UT, USA), 2 mM l-glutamine (Sigma-Aldrich, Steinheim, Germany) 

and for LoVo cell lines also with 1 mM sodium puryvate (Sigma-Aldrich, Steinheim, 

Germany). Medium for LoVo/DX contained additionally 10 µg/100 ml doxorubicin 

hydrochloride (Accord Healthcare Poland, Warsaw, Poland). MCF-7 cells were grown 

in Eagle medium (PChO IIET PAS, Wroclaw, Poland) supplemented with 10% FBS, 

2 mM l-glutamine, 1% amino acids, 8 µg/mL insulin (Sigma-Aldrich, Steinheim, 

Germany). BALB/3T3 cells were cultured in DMEM (Gibco, Paisley, UK) medium 

supplemented with 10% FBS (GE Healthcare, Logan UT, USA)), 2 mM l-Glutamine 

(Sigma-Aldrich, Steinheim, Germany). All culture media contained antibiotics: 100 

U/mL penicillin and 100 µg/mL streptomycin (Polfa Tarchomin, Warsaw, Poland and 

Sigma-Aldrich, Steinheim, Germany respectively). 24 h before addition of a tested 

compound, the cells were seeded in 96-well plates in respective culture media. Next, the 

compounds were dissolved in DMSO (Avantor, Gliwice, Poland) and serially diluted in 

culture medium in the range of 100–0.1 µg/mL and added to tested cells for 72 h. The 

proliferation inhibition was measured by means of sulforhodamine B (SRB) assay: cells 

were fixed and permeabilized with 50% cold trichloroacetic acid (Avantor, Gliwice, 

Poland) for 1 h, next were washed with tap water, stained with 0.1% SRB (Sigma-

Aldrich, Steinheim, Germany) in 1% acetic acid (Avantor, Gliwice, Poland) for 30 min, 

followed with washing of unbound dye with the use of 1% acetic acid. Following, SRB 

was extracted from cells with 10 mM TRIS (tris(hydroxymethyl)aminomethane) 

(Sigma-Aldrich, Steinheim, Germany) and the absorbance of resulting solution was 

measured at 540 nm wavelength in universal plate reader Synergy H4 (BioTek 

Instruments, Winooski VT, USA). The results were calculated as an IC50 – the 

concentration of tested agent, which inhibits proliferation of 50% of the cancer cells, 

using Cheburator 0.4, Dmitry Nevozhay software [Nevozhay D: Cheburator Software 

for Automatically Calculating Drug Inhibitory Concentrations from In vitro Screening 

Assays. Plos One 2014, 9(9):10.]. Cells were also exposed to solvent DMSO in the same 

serial dilutions as with the tested agents, and to cisplatin and doxorubicin hydrochloride 
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used as reference drugs (Accord Healthcare Poland, Warsaw, Poland). Experiments 

were repeated at least three times in separate tests. 

 

6.1.4 Molecular docking simulations 

3D structures of thiocolchicine and its 13 derivatives (shown in Figure 6-1) were 

docked into the colchicine binding site of βI tubulin using the Autodock4.2 program 

under flexible ligand and rigid receptor conditions. AutoDock4 is designed to predict 

how drug candidates bind to a receptor of a known 3D structure and consists of two main 

programs: (a) autodock which performs the docking of the ligand to a set of grids 

describing the target protein; (b) autogrid which pre-calculates these grids. The initial 

structures of ligands were first minimized using the Amber12: EHT force field (in 

MOE2013.0802). Single point energies were calculated in RHF/cc-pVDZ [21] level of 

theory for those structures and then, they were fully optimized on RHF/RM1 [22] level 

of theory in GAMESS-US version 2010-10-01 [23-25]. βI Tubulin sequence data 

(TBB5_HUMAN) were obtained from UniProt ID and a homology model was 

constructed for βI tubulin on the basis of the bovine tubulin structure in RCSB Protein 

Data Bank (1SA0.pdb) by MOE2013.0802. 

6.1.5 Flow cytometry and immunofluorescence microscopy 

Cell cultures 

Human MCF-7 mammary gland adenocarcinoma cells were cultured in Eagle’s 

Minimum Essential Medium (EMEM) (30-2003, ATCC, USA) supplemented with 10% 

(v/v) heat-inactivated fetal bovine serum (FBS) (FP-0500-A, Atlas Biologicals, USA), 

and 1% Penicillin/Streptomycin Solution 100× (30-002-Cl, Corning, USA). MCF-7 cell 

line was tested via STR profiling in July 2018 by Genetica DNA Laboratories (a 

LabCorp brand; Burlington, NC); and verified as authentic by using a 100% match when 

compared to the known reference profile [26]. 
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Human HeLa cell line was cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) (11995–065, Gibco) supplemented with 10% (v/v) heat-inactivated fetal 

bovine serum (FBS) (FP-0500-A, Atlas Biologicals, USA), and 1% 

Penicillin/Streptomycin Solution 100× (30–002-Cl, Corning, USA). 

 

6.1.6 Effects of the compounds on cell cycle progression 

In order to determine the effect of compounds 1–6 and 14 on cell cycle 

progression, MCF-7 cells were grown for 48 h (one cell cycle) in 6-well plates (92006, 

TPP, Switzerland) (0.4 × 106 cells/well) in the absence of the drug studied. After 48 h, 

cells were treated with 0.1% DMSO (vehicle) or compounds 1–6, 14 at concentrations 

equal to 10 × IC50 values determined via cell viability assay on MCF-7 cell line (Table 

6-1) for 24, 48 and 72 h in triplicate (n = 3) at 37°C in a humidified 5% CO2 incubator. 

Cells were then washed with 1 ml phosphate-buffer saline (PBS) (Corning, USA), 

trypsinzed with 1 ml of 0.05% trypsin (25–052-Cl, Corning, USA), fixed with 3 ml of 

70% ice-cold ethanol and stored at 4°C prior to flow cytometric analysis. In the next 

step, cells were centrifuged, treated with 400 μL propidium iodide/RNase Staining 

buffer (BD Biosciences, San Jose, CA, USA) and stored in the dark for 1 h at RT 

according to our previously published protocol [27,28]. The stained cells were analyzed 

by FacsAria IIIu Flow Cytometer (BD Biosciences, San Jose, CA, USA) using FlowJo 

software to determine DNA content. 
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Table 6-1. Antiproliferative activity (IC50) [µM] of 1 and its derivatives 2–14 compared with 

that of standard anticancer drugs doxorubicin and cisplatin. The calculated values of the 

resistance index (RI) for LoVo/DX versus LoVo cells are also shown. 

 

The IC50 value is defined as the concentration at which 50% growth inhibition is observed. 

The following cell lines were used: human lung adenocarcinoma (A549), human breast 

adenocarcinoma (MCF-7), human colon adenocarcinoma (LoVo) and doxorubicin resistant 

subline (LoVo/DX), normal murine embryonic fibroblast (BALB/3T3). 

The RI (Resistance Index) indicates fold-resistance relative to parental cell line. The RI was 

calculated for each compound using the formula: RI = IC50 for LoVoDX/IC = for LoVo cell 

line. RI < 1, MDR cells are more sensitive; RI = 1–2, no or very low level of resistance; 

RI = 2–10, moderate resistance; RI > 10, strong drug-resistance. 

 

6.1.7 Statistical analysis 

Unpaired t test with Welch's correction was performed for the significance and 

p values of <0.05 were considered significant. 

 

Compound 
MCF-7 LoVo LoVo/DX  A-549 BALB/3T3 

IC50 ± SD IC50 ± SD IC50 ± SD RI IC50 ± SD IC50 ± SD 

1 0.012 ± 0.002 0.201 ± 0.113 1.566 ± 0.454 7.8 0.103 ± 0.015 0.195 ± 0.025 

2 0.010 ± 0.002 0.021 ± 0.006 0.398 ± 0.075 19.0 0.011 ± 0.001 0.114 ± 0.072 

3 0.014 ± 0.002 0.017 ± 0.004 0.145 ± 0.021 8.6 0.024 ± 0.003 0.223 ± 0.032 

4 0.009 ± 0.001 0.010 ± 0.003 0.063 ± 0.012 6.3 0.010 ± 0.001 0.016 ± 0.001 

5 0.008 ± 0.003 0.011 ± 0.005 0.065 ± 0.009 6.2 0.010 ± 0.001 0.017 ± 0.001 

6 0.009 ± 0.000 0.011 ± 0.002 0.063 ± 0.007 5.8 0.009 ± 0.001 0.043 ± 0.036 

7 0.009 ± 0.001 0.014 ± 0.005 0.098 ± 0.026 7.1 0.009 ± 0.001 0.153 ± 0.035 

8 0.009 ± 0.001 0.011 ± 0.003 0.068 ± 0.002 6.0 0.009 ± 0.001 0.031 ± 0.022 

9 0.010 ± 0.001 0.191 ± 0.158 1.555 ± 0.386 8.1 0.080 ± 0.007 0.197 ± 0.022 

10 0.010 ± 0.001 1.107 ± 0.907 8.079 ± 1.788 7.3 0.085 ± 0.008 0.156 ± 0.022 

11 0.069 ± 0.011 2.754 ± 2.058 18.816 ± 3.262 6.8 0.158 ± 0.038 1.441 ± 0.251 

12 0.009 ± 0.001 0.042 ± 0.012 0.562 ± 0.141 13.3 0.012 ± 0.002 0.139 ± 0.001 

13 0.010 ± 0.002 0.250 ± 0.135 2.987 ± 1.062 11.9 0.083 ± 0.008 0.135 ± 0.001 

14 0.009 ± 0.001 0.011 ± 0.006 0.064 ± 0.014 6.0 0.008 ± 0.001 0.110 ± 0.064 

Cisplatin 10.700 ± 0.753 3.767 ± 0.390 3.033 ± 0.637 0.8 6.367 ± 1.413 8.600 ± 2.923 

Doxorubicin 0.386 ± 0.118 0.681 ± 0.633 8.187 ± 1.409 12.0 0.258 ± 0.044 1.012 ± 0.868 
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6.1.8 Immunofluorescence microscopy 

MCF-7 (0.4 × 106 cells/dish) or HeLa (0.2 × 106 cells/dish) cells were seeded on 

cover slips in 10 mm diameter tissue culture dishes (353001, Falcon) and cultured for 

48 h (MCF-7) or 24 h (HeLa) at 37°C in a humidified 5% CO2 incubator before adding 

compounds. In order to prevent contamination, cover slips and dishes were sterilized 

under UV light for 1 h before seeding cells. After pre-incubation, the medium was 

replaced and the cells were treated with either 0.1% DMSO (vehicle), 100 nM vincristine 

(positive control) or compounds 1 (120 nM) or 5 (80 nM) (concentrations equal to 

10 × IC50 values determined via cell viability assay on MCF-7 cell line, Table 6-1). The 

experiment was performed in duplicate. After 12 h incubation the cells were fixed with 

ice-cold methanol, permeabilized with 5% bovine serum albumin (BSA), 0.2% Triton 

X-100, 0.00125% sodium azide in PBS. Cells were stained with β-tubulin antibody (T-

4026, Sigma) (1:300) and Cy-5 conjugated AffinPure Donkey anti-mouse secondary 

antibody (715-175-150, Jackson ImmunoResearch Laboratories), diluted 1:100. Cells 

were visualized using a Zeiss LSM410 confocal microscope. 

 

6.2 Results and discussion 

6.2.1 Chemistry 

Syntheses of the designed colchicine derivatives coupled to 3, with the 

structurally different urethane moiety, were followed by investigation of their biological 

effects. The synthetic route to the novel compounds encompassed two traditional 

synthetic modifications and a new type of chemical modification, which is depicted in 

Figure 6-1. The first two steps of this synthesis are well described in literature. The first 

step was the preparation of thiocolchicine from the starting material (colchicine) 

according to the reported procedure [29]. Thiocolchicine (2) (see Figure 6-1) has been 

readily available from colchicine by treatment with sodium methanethiolate [29], and is 

a potent inhibitor of tubulin polymerization resulting in the arrest of cell growth and cell 
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division. Notably, thiocolchicine binds to tubulin more rapidly than colchicine [30]. 

Hydrolysis of 2 with 20% HCl yielded 7-deacetyl-10-thiocolchicine (3) [29]. 

In recent years, much attention has been focused on the synthesis of carbamates 

using chloroformates as key intermediates. Carbamate synthesis through the 

chloroformate route has been achieved using various reaction conditions, such as the use 

of organic and inorganic bases. This method is not adequate for our designed 

thiocolchicine derivatives because the respective chloroformate are not commercially 

available and some of them cannot be synthesized [31]. Therefore, we searched for a 

cleaner and more efficient reaction. After reviewing the available literature, triphosgene 

[bis(trichloromethyl) carbonate, BTC], a solid and safe surrogate of phosgene [32], 

appeared as the reagent of choice for preparing carbamates. 

Subsequently, our one-pot synthesis of eleven carbamates 4–14 was achieved 

through the reaction of amine 3 with a respective alcohol using triphosgene as the source 

of carbonyl equivalent. Carbamates 4–14 (Figure 6-1) were readily prepared from (3) 

and 1 equiv. of triphosgene (3 fold molar excess of phosgene) in THF in the presence of 

triethylamine (10 equiv.) and then reacted with suitable primary or secondary alcohols 

(10 equiv.) to provide a respective carbamate 4–14 with good yields in the range 41–

90% (Figure 6-1). To facilitate the structural activity relationship analysis (SAR), we 

chose the primary and secondary alcohol with different substituents such as: saturated 

alkyl chains (4–8), alkyl chains containing additional OH group (9–11), alkyl chains 

containing oxygen atoms (10–13), alkyl chains containing fluorine atoms (14). All 

obtained compound were easily isolated in pure form after dry column vacuum 

chromatography on silica gel. 

The structures of all products 2–14 were determined using EI MS, FT-IR, 1H and 

13C NMR methods and are shown in Appendix E and discussed below. The characteristic 

signal of the OCH3 group at the C(10) position of (1) in the 13C and 1H NMR spectra 

was observed at 56.1 ppm and as a singlet at 4.03 ppm, respectively. These signals 

vanish completely (see spectra of compounds 2–14) after the reaction of (1) with sodium 
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methanethiolate proving the replacement of OCH3 group with SCH3 substitute at C(10) 

position in the tropolone ring of 1. The signals of thiomethyl group in C(10) positions 

in the 13C NMR and 1H NMR spectra of compounds 2–14 are present at 15.1 ppm and 

approximately 2.45 ppm, respectively. The characteristic 13C NMR signals assigned to 

the carbon atoms in the acetamide group at C(7) position of unmodified 1 are observed 

at 170.3 ppm, and 22.7 ppm, respectively. These signals are no longer observed in the 

13C NMR spectrum of compound 3, which confirms hydrolysis of the acetyl group. The 

NH2 group of compound 3 reacts easily with triphosgene and the primary or secondary 

alcohols giving products 4–14 whose structures are confirmed by the presence of the 13C 

NMR signal assigned to the carbon atom of the urethane group at 153.6–155.9 ppm and 

additionally by a series of signals assigned to the aliphatic carbon atoms of the alcohol. 

In the 13C NMR spectra of compounds 2–14 a signal assigned to C(7) carbon atom of B 

ring was observed at 56.0–56.1 ppm, while in the spectrum of 1 it was observed at 

52.8 ppm. The EI mass spectrometry confirmed the structure of the obtained compounds 

by the presence of an m/z signal assigned to the molecular ion of these compounds. The 

products of the chemo-selective one-pot reaction 3 with triphosgene and alcohol were 

very well identified using also the FT-IR spectroscopic method. The band assigned to 

the ν(C O) vibrations (amide I band) of the acetamide group in the spectrum of 2 at 

1660 cm−1, vanishes completely in the spectrum of 3, indicating the absence of 

acetamide group with the formation of respective amine 3. The bands assigned to the 

ν(C O) vibrations of urethane group in the FT-IR spectra of 4–13 are present in the 

range of 1710–1727 cm−1. Only for compound 14 was this band shifted toward 

1740 cm−1 due to a strong inductive effect in the CH2CF3 moiety. 

 

6.2.2 Inhibition of human cancer cell line growth 

The synthesized 7-deacetyl-10-thiocolchicine derivatives 4–14 and starting 

compounds 1–3 were evaluated for their in vitro antiproliferative effect towards both 
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normal and cancer cells. Each compound was tested towards four human cancer cell 

lines, namely lung adenocarcinoma (A549), breast adenocarcinoma (MCF-7), colon 

adenocarcinoma cell line (LoVo) and its doxorubicin resistant subline (LoVo/DX). 

Antiproliferative effects were also studied using a normal murine embryonic fibroblast 

cell line (BALB/3T3) in order to obtain insight into their selectivity for cancer versus 

normal cells. IC50 values of the tested compounds are presented in Table 6-1. To evaluate 

the activity against the cells with MDR (multidrug resistance) phenotype, LoVo/DX 

cells were also tested and the indices of resistance (RI) were calculated (see Table 6-1). 

The RI values indicate how many times more resistant is the subline in comparison to 

its parental cell line. 

Most of the obtained urethane derivatives of 7-deacetyl-10-thiocolchicine were 

more potent, i.e. had lower IC50 values, than unmodified 1, intermediate compounds 2 

and 3, as well as doxorubicin and cisplatin, currently widely used as antitumor agents in 

cancer chemotherapy. From the set of tested substances, the most active compounds 

against MCF-7, LoVo, LoVo/DX and A549 tumor cell lines were 4–8 and 14 

(IC50 = 0.009–0.010 μM). Compound (11) showed the weakest activity against all cancer 

cell lines tested. 

The calculated values of RI (Table 6-1) showed that the doxorubicin-resistant 

subline (LoVo/DX) showed various levels of resistance to the parent compound and all 

of its derivatives, which was consistent with them acting as substrates for MDR1-

mediated drug transport. These cells also exhibited resistance to doxorubicin, another 

MDR1 substrate, but were actually slightly more sensitive to cisplatin than the parental 

cells (RI = 0.8), which was consistent with cisplatin not acting as a substrate for MDR1-

mediated transport [33]. 

Selectivity index (SI) is a major challenge in drug discovery, because it defines 

the ability of a particular compound to preferentially kill tumor cells in relation to normal 

cells. For this purpose, the obtained compounds were tested not only against tumor cells 

but also against normal murine embryonic fibroblast cell line (BALB/3T3). The best 
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values of the selectivity index (see Table 6-2) for the tested compounds were obtained 

towards MCF-7 cells (SI = 1.89–20.81). The best selectivity was observed for compound 

7 which also showed high antiproliferative activity against the four tested human cancer 

cell lines. The preliminary structure-activity relationships (SARs) revealed that the type 

of substituent at C(7) position in ring B and the presence of SCH3 group at C(10) position 

in ring C of colchicine (1) were of cardinal importance to the compounds’ activity. 

The compounds with saturated alkyl chains (4–8), and alkyl chains containing 

fluorine atoms (14) displayed more potent antiproliferative activities than those with 

alkyl chains containing an additional OH group (9–11) or alkyl chains containing 

oxygen atoms (9–13). Compounds 7 and 14 with short and branched substituent 

(isopropyl and trifluoroethyl) show the highest ability to inhibit proliferation of the 

cancer cell lines tested. Simultaneously, their activities are higher than those of the 

chemically unmodified colchicine and thiocolchicine as well as doxorubicin and 

cisplatin, commonly used as antitumor agents in cancer chemotherapy. To summarize 

these studies, all obtained derivatives have been found active, to varying degrees, in 

proliferation inhibition in a specified concentration range. Their activities depend on the 

tested cancer cell line. Compounds 7 and 14 with the best anti-proliferative properties 

and good selectivity towards cancer cells are promising anticancer candidates. 
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Table 6-2. Selectivity indexes. 

Compound Calculated selectivity index SI 

 MCF-7 LoVo/Dx LoVo A-549 

1 16.71 0.12 0.98 1.90 

2 11.85 0.29 5.45 10.08 

3 15.71 1.54 13.21 9.25 

4 1.89 0.26 1.63 1.63 

5 2.07 0.26 1.63 1.78 

6 4.94 0.68 3.95 4.94 

7 16.28 1.56 11.11 16.28 

8 3.37 0.45 2.74 3.37 

9 19.28 0.13 1.03 2.45 

10 15.80 0.02 0.14 1.84 

11 20.81 0.08 0.52 9.09 

12 15.82 0.25 3.29 11.33 

13 13.99 0.05 0.54 1.63 

14 11.70 1.72 10.38 13.74 

Cisplatin 0.80 2.84 2.28 1.35 

Doxorubicin 2.62 0.12 1.49 3.93 

The SI (Selectivity Index) was calculated for each compound using the formula: SI= IC50 for a normal 

cell line BALB3T3/IC50 for a respective cancerous cell line. A beneficial SI > 1.0 indicates a drug with 

efficacy against tumor cells greater than the toxicity against normal cells. 

 

6.2.3 Molecular docking: in silico determination of the molecular mode 

of action 

In order to determine the molecular mode of action of the new thiocolchicine 

derivatives we performed computational modeling aimed at the ligand-protein 

interaction. As the target protein, we used the most common tubulin isoform, βI tubulin, 

which is one of the subunits of microtubules. The structures of the new thiocolchicine 

derivatives described above were docked into the βI tubulin colchicine binding site and 

ranked according to their binding affinity. More specifically, a combination of different 

computational methods was used to explore ligand-tubulin interactions. The ligand 

structures were first minimized and then fully optimized on the basis of the RHF/cc-
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pVDZ level of theory in the GAMESS-US software, version 2010-10-01 

(https://www.msg.chem.iastate.edu/gamess/). Since there is no crystal structure 

available of human βI tubulin (TBB5_HUMAN), we first obtained its amino acid 

sequence from UniProt (www.uniprot.org; ID: Q13509). Next, we used the Protein Data 

Bank (www.rcsb.org) to obtain the tubulin structure 1SA0.pdb as a template to construct 

a homology model for βI tubulin using the Molecular Operating Environment software 

(MOE, 2015, www.chemcomp.com). We then docked our thiocolchicine library of 

derivatives to the target protein using the Autodock 4.2 program 

(http://autodock.scripps.edu/) and applied flexible ligand and rigid receptor conditions. 

AutoDock 4.2 software is designed to predict how drug candidates bind to a receptor of 

a known 3D structure, and consists of two main programs: autodock that performs the 

docking of the ligand to a set of grids describing the target protein and autogrid that pre-

calculates these grids. 

Binding energies interactions (BE) between the 14 different thiocolchicine 

derivatives and βI tubulin and the estimated Moriguchi octanol-water partition 

coefficient, M log P for each colchicine derivative are shown in Table 6-3. In order to 

arrive at a structure-function relationship for the series of compounds obtained, we also 

calculated the molecular weight of each compound and the length of the corresponding 

aliphatic chain. Most importantly, the binding energy for each compound was 

determined and we presented graphically the ligand-protein interactions showing the 

amino acids of the protein and the atomic groups of the ligand that engage in physical 

and chemical interactions, whose graphical representation is explained in the legend of 

Table 6-3 where all the computational results are summarized. 

It is clear from the results summarized in Table 6-3 that all these compounds 

show high affinity to the colchicine binding site on β tubulin. It should be mentioned 

that the values of binding energies are not absolute but relative, to establish a rank order 

of the compounds. The strongest binding compound is predicted to be 7, followed 

closely by 4, 5, 6 and 8. On the other end of the spectrum, compound 11 appears to be 

https://www.msg.chem.iastate.edu/gamess/
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the weakest binder to the target. The most interactive residues seem to be Lys 352, Lys 

254, Asn 258, Leu 255, Leu 248, Met 259 and Cys 241 which appear consistently 

involved in the binding of the thiocolchicine derivatives. To a less degree, Asp 251 and 

Thr 353 also appear to play a role in several cases. 

In Figure 6-2 we show the mode of action of the compounds studied in this 

chapter for the compounds divided into two groups: (a) the ones that bind to tubulin with 

binding energies of −8 kcal/mol and higher and (b) the ones that bind to tubulin with 

binding energies lower than −8 kcal/mol. 

 

 
Figure 6-2. Illustration in 3D of the interaction modes of the tubulin βI structure with: (a) 8 

thiocolchicine derivatives with binding energies of −8 kcal/mol and higher; (b) with 6 

thiocolchicine derivatives with binding energies lower than −8 kcal/mol. 

 

To better understand the structure-activity relationship for this series of 

compounds, we performed linear regression analysis with respect to the binding energy 

(Table 6-3) and M log P (Table 6-3) versus the experimentally determined values of IC50 

(Table 6-1). The results of this analysis are shown in Appendix E, Figures E14–E18. 
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Table 6-3. Computational predictions of the interactions between thiocolchicine derivatives 

and βІ tubulin. Binding energy values in kcal/mol, graphical representation of the ligand-

protein interactions, molecular weight, partition coefficient and the length of the aliphatic 

chains involved are tabulated. 

co
m

p
o
u

n
d
 

Binding 

energy 

(kcal/mol) 

Representations of the 

graphical interactions 
MW MlogP 

Length of 

aliphatic 

chain 

1 -8.09 

 

 

399.45 

 

 

1.37 

 

5.841 

2 -8.13 

 

421.56 1.56 5.841 
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3 -7.56 

 

379.52 1.57 2.035 

4 -8.59 

 

437.56 1.61 4.654 

5 -8.18 

 

451.58 1.83 4.945 



 

 

184 

 

6 -8.34 

 

465.61 2.04 6.790 

7 -8.67 

 

465.61 2.05 4.898 

8 -8.19 

 

479.64 2.25 8.342 
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9 -7.91 

 

467.58 1.08 6.479 

10 -7.36 

 

511.64 0.76 8.645 
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11 -6.51 

 

555.69 0.44 12.433 

12 -8.01 

 

495.64 1.50 9.277 

13 -7.53 

 

519.61 0.97 10.425 
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14 -7.67 

 

505.56 2.14 4.588 

 

 

The 3D plots indicate that there is a reasonable degree of correlation between the 

experimental activity data in terms of IC50 values for the cell lines studied and the 

computational prediction data expressed as the binding energy and partition coefficient. 

To quantify these relationships, in Table 6-4 we summarize the linear regression 

coefficients for these relationships for each cell line separately. The values of the 

regression coefficient (R2) range from 0.43 for MCF-7 (which is a very aggressive breast 

cancer cell line) and 0.88 for LoVo/DX. 
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Figure 6-3. Colchicine (1), starting compounds (2–3) and derivatives (4–6, 14) induced G2/M 

arrest in MCF-7 cells. MCF-7 cells were treated with the indicated compounds for 24, 48 or 

72 h and subjected to propidium iodide staining and flow cytometry. Percent of cells with 

4 N DNA (G2/M phases) was determined (mean ± SD, n = 3). (***p < 001, **p < 0.01, *p < 0.05 

vs. control). See Appendix E for a full set of representative data. 

 

Table 6-4. Linear regressions two independent (binding energy and M log P) and log IC50 

[μM]. 
 

MCF-7 LoVo/DX LoVo A-549 BALB/3T3 

Linear regression (R2) 0.43 0.88 0.86 0.74 0.55 

 

6.2.4 Colchicine and its analogs induce G2/M arrest in MCF-7 cells 

In order to examine the effect of colchicine 1 and the most potent starting 

compounds 2–3 and derivatives 4–6 and 14 on the cell cycle progression, flow 

cytometric cell cycle analysis after propidium iodide staining was performed. MCF-7 

cells were treated with 0.1% DMSO (vehicle) or compounds 1–6 and 14 at 

concentrations equal to 10 × IC50 values determined via cell viability assay (Table 6-1) 

for 24, 48 and 72 h. The full set of representative cytograms is included in (Appendix E, 

Figure E19). A graphical representation of summarized percentage of cells in G2/M 

phase of the cell cycle (n = 3) is shown in Figure 6-3. For all of the compounds studied, 

statistically significant G2/M phase arrest was observed as early as 24 h after drug 

addition, with the level of arrested cells slightly decreasing after further incubation for 
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48 and 72 h Figure 6-3. The lack of significant sub-G1 DNA even after 72 h (Appendix 

E) suggests that cell death under these conditions may not involve DNA fragmentation. 

However, more assays would need to be performed in order to verify this hypothesis. 
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Figure 6-4. Effects of 1 and 5 on microtubule structures in HeLa (A) and MCF-7 (B) cells. 

HeLa and MCF-7 cells were incubated for 12 h without (vehicle, 0.1% DMSO) or with 1 
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(120 nM), 5 (80 nM) (concentrations corresponding with 10 × IC50 values) or 100 nM VCR 

(positive control). Bar equals 5 µm (A) or 10 µm (B). 

 

6.2.5 Effect of colchicine and compound 5 on microtubule 

depolymerization 

Immunofluorescence staining for β-tubulin in MCF-7 cells was performed to 

investigate the effect of 1) and compound 5 (selected based on having the lowest IC50 

value for MCF-7 cells, Table 6-1) on microtubule integrity. HeLa cells treated with 

vincristine (VCR) served as a positive control for microtubule depolymerization, as 

demonstrated previously [34,35]. Untreated MCF-7 and HeLa cells exhibited distinct 

microtubule structures (Figure 6-4A and B, first row) and as expected after treatment 

with VCR both cell types exhibited diffuse β-tubulin staining with no detectable 

microtubules, which was consistent with depolymerization (Figure 6-4A and B, second 

row). Parent compound 1 and compound 5 also clearly induced microtubule 

depolymerization, similar to the effects of VCR, in both HeLa and MCF-7 cells (Figure 

6-4A and B, third row and fourth row). 

 

6.3 Conclusions 

In conclusion, we designed and synthesized a new series of colchicine 1 

derivatives based on modification of previously reported tubulin polymerization 

inhibitors such as thiocolchicine 2. Compounds 4–14 were prepared from colchicine by 

an efficient three-step synthetic procedure including synthesis of 2 and its hydrolysis to 

7-deacetyl-10-thiocolchicine 3. Eleven target carbamates of 7-deacetyl-10-

thiocolchicine (4–14) were obtained using a simple “one-pot reaction” of 3 with eleven 

different alcohols in the presence of triphosgene. When tested for antiproliferative 

activity, most of the derivatives were more potent than colchicine. An exception was 

compound 11, which had a higher IC50 than colchicine against all tested cell lines. In 
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terms of selectivity for tumor versus normal cells, many of the derivatives were superior 

to colchicine. Compounds 7 and 14, for example, were highly selective for three of the 

four tested cancer cell lines when compared to colchicine (Table 6-2) and were also 

more potent than colchicine against all cancer cell lines (Table 6-1). Compounds 7 and 

14 in particular, therefore represent promising leads for further development. The results 

also reveal that the nature of the aliphatic chain at the urethane group and the nature of 

the heteroatom (F better than O) have a marked influence on the antiproliferative activity 

of the compounds. Generally, we observed also that the introduction of a functionalized 

alkyl chain in the urethane group, for example by an end-standing hydroxyl group i.e. 9, 

10, 11, decreased the anti-proliferative activity and also that long alkyl chain including 

oxygen atoms 12, 13 did not improve this activity. Molecular docking was performed 

and revealed that all of the obtained compounds successfully dock in the colchicine 

binding site of tubulin. Therefore, these results suggest that carbamates of 7-deacetyl-

10-thiocolchicine 4–14 are potential inhibitors of tubulin polymerization. This 

conclusion was supported by studies on select derivatives whose results showed that 

they caused mitotic arrest and promoted tubulin depolymerization, as displayed by 

colchicines [5-10,34]. Finally, these compounds are amenable to further structural 

modifications and could serve as useful pharmacophore templates for the generation of 

molecules as potential anticancer agents. 
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Chapter 7:  
Prediction of the Inhibitory 

Concentrations of Colchicine 

Derivatives for Specific Cancer Cell 

Lines by 3D Quantitative Structure-

Activity Relationship (QSAR) 

Modelling 
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7.1 Introduction 

Microtubules are one of the major components of the cytoskeleton in eukaryotic 

cells. These filamentous intracellular structures play a critical role in maintaining cell 

structure, providing pathways for cellular transport via motor proteins and generating 

forces for mitosis. These cylindrical protein polymers are formed from heterodimers of 

α and β tubulin. Microtubules are one of the most well-known chemotherapeutic targets 

in cancer therapy. Even though there are multiple unique binding sites on a tubulin 

heterodimer, β tubulin is the main binding target for all major microtubule-binding drug 

families [1–3]. 

Depolymerization of microtubules can be triggered by inhibition of β tubulin via 

binding to a chemotropic agent such as colchicine, vinblastine, or taxol. Among them, 

colchicine, a well-known tropolone alkaloid extracted from Colchicum autumnale [4], 

is noteworthy due to its high-potency antimitotic properties. Because of its distinctive 

mechanism of action, not only has colchicine played an important role in studies of 

mitosis, but it has also generated much interest in the potential use for chemotherapeutic 

treatments in the clinical setting [5–13]. However, colchicine itself has not been used as 

a successful drug in long-term cancer treatment because of its serious adverse side 

effects, and indeed, despite numerous pre-clinical and clinical studies, almost no 

colchicine derivatives have yet been able to successfully complete clinical trials [5–7]. 

Up to now, many structure-activity-relationship studies have been performed to 

elucidate the structural features required for tubulin binding. In practice, however, there 

are some limitations of in vitro approaches for testing chemotherapeutic agents, 

including the complexity of synthesis methods and problems related to compound 

solubility. Conversely, while by their nature highly approximate, computational 

methods are particularly promising in their ability to overcome these problems, at the 

same time elucidating crucial relationships between the chemical structure of 

compounds and functional consequences on their respective target. 
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In this study, 3-dimensional Quantitative Structure-Activity Relationship 

(QSAR) models were generated by the use of ADMET predictor software (Simulations 

Plus Inc.) to predict the response of two important cancer cell lines, A549 and MCF7, 

to treatment with a sizeable panel of novel colchicine derivatives. The biological assays 

used for these two cell lines exposed to the novel colchicine derivatives were quantified 

through IC50 values, while the computational analysis was based on both the estimates 

of the interaction energies between inhibitors and the binding site of its well-studied 

target and the chemical descriptors of the considered compounds obtained from ADMET 

analysis. The goal in any QSAR modelling is to obtain the best mathematical expression 

to elucidate the relationship between chemistry and biology. The success rate of this 

approach depends on several factors, such as (a) accuracy of input data; (b) the selection 

of descriptors; (c) modelling and validation using statistical procedures [14].  

The in-silico models developed in this work can be practical tools to optimize 

the experimental design pipeline of drug-cell response screenings by robustly predicting 

the IC50 values of new colchicine derivatives rather than relying exclusively on their 

experimental measurements. Moreover, since personalized treatment is a major goal in 

modern oncology, the accurate prediction of the response of specific cancer cells to a 

given therapy might pave the way towards the achievement of this ambitious goal as 

well by using cell cultures obtained ex vivo. 

All the compounds used in this study were extracted from previous work of 

Huczynski’s group [15–21] on double- and triple-modified novel colchicine derivatives. 

The series of recently published papers focused on the synthesis of a novel library of 

these derivatives and the subsequent assessment on how the double modification in C-4 

and C-10 positions and triple modification in C-4, C-7, and C-10 positions influences 

the activity and selectivity of colchicine derivatives as cytotoxic, tubulin-targeting 

agents. (Figure 7-1). 
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As mentioned above, the half-maximal inhibitory concentration of colchicine 

derivatives was tested in vitro using two cancer cell lines, namely human lung 

adenocarcinoma, A549, and human breast adenocarcinoma, MCF-7 (Table1). 

 

Table 7-1. Novel colchicine derivatives were used in training and internal and external test 

sets. R1, R2 and, R3 represent the modification on for C4, C10, and C7 respectively. pIC50 values 

for MCF7 and A549 cell lines are reported. 

Training and internal test set 

No. R1 R2 R3 pIC50-A549 pIC50-MCF7 

1 H O-CH3 CH3 -6.90 -7.26 

2 Br O-CH3 CH3 -6.98 -7.57 

3 Br S-CH3 CH3 -7.99 -7.83 

4 Br S-CH3 R4 = NH2 -6.94 -6.75 

5 Br S-CH3 CH2-O-CH3 -7.99 -7.94 

6 Br S-CH3 CH2-CH2-CH2-Cl -7.26 -7.31 

7 Br S-CH3 Ph -8.02 -7.94 

8 Br S-CH3 CH2-CH3 -7.98 -7.95 

9 Br S-CH3 (CH2)8-CH3 -6.05 -6.02 

10 Br S-CH3 N(-CH2-CH3)2 -7.00 -7.01 

11 Cl O-CH3 CH3 -7.34 -7.64 

12 Cl S-CH3 CH3 -7.66 -7.66 

Figure 7-1. (A) Colchicine. (B) Double modification in C-4 and C-10 positions and triple 

modification in C-4, C-7 and C-10 positions on colchicine., R1= H, Cl, I and Br, R3 = 

mentioned above and R2 = S-CH3 and O-CH3. (C) Triple modification R1 = H, Cl, I and Br, 

R2 = S-CH3 and R4 = NH3 
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13 Cl S-CH3 R4 = NH2 -6.83 -6.65 

14 Cl S-CH3 O-CH2-CH2-OH -7.09 -7.40 

15 Cl S-CH3 O-CH3 -7.68 -7.68 

16 Cl S-CH3 O-CH2-CH3 -8.00 -7.68 

17 Cl S-CH3 O-CH2-CF3 -8.04 -7.72 

18 Cl S-CH3 O-CH2-CH2-CH3 -8.00 -7.70 

19 Cl S-CH3 O-CH(-CH3)2 -7.70 -7.40 

20 Cl S-CH3 O-CH2-CH2-CH2-CH3 -7.23 -7.01 

21 Cl S-CH3 O-CH2-CH2-O-CH2-CH2-OH -7.03 -6.78 

22 Cl S-CH3 CH2-O-CH3 -7.89 -7.89 

23 Cl S-CH3 CH2-CH2-CH2-Cl -7.54 -7.74 

24 Cl S-CH3 Ph -7.96 -7.92 

25 Cl S-CH3 CH2-CH3 -7.92 -7.92 

26 Cl S-CH3 CH(-CH3)2 -7.89 -7.89 

27 Cl S-CH3 (CH2)8-CH3 -6.32 -6.09 

28 Cl S-CH3 N(-CH2-CH3)2 -6.95 -6.97 

29 I O-CH3 CH3 -7.03 -7.01 

30 I S-CH3 CH3 -7.96 -7.77 

31 I S-CH3 R4 = NH2 -6.06 -5.77 

32 I S-CH3 O-CH2-CH2-OH -7.00 -6.87 

33 I S-CH3 O-CH3 -7.11 -6.99 

34 I S-CH3 O-CH2-CH3 -7.17 -7.03 

35 I S-CH3 O-CH2-CF3 -7.05 -6.94 

36 I S-CH3 O-CH2-CH2-CH3 -7.07 -6.99 

37 I S-CH3 O-CH(-CH3)2 -6.96 -6.90 

38 I S-CH3 O-CH2-CH2-CH2-CH3 -7.00 -6.92 

39 I S-CH3 O-CH2-CH2-O-CH2- CH3 -7.00 -6.97 

40 I S-CH3 CH2-O-CH3 -7.96 -7.96 

41 I S-CH3 CH2-CH2-CH2-Cl -7.08 -7.05 

42 I S-CH3 Ph -7.89 -7.32 

43 I S-CH3 CH2-CH3 -7.96 -7.96 

44 I S-CH3 CH(-CH3)2 -7.20 -7.43 

45 I S-CH3 (CH2)8-CH3 -6.08 -6.07 

46 I S-CH3 N(-CH2-CH3)2 -7.09 -7.02 

47 H S-CH3 CH3 -7.96 -8.00 

48 H S-CH3 R4 = NH2 -7.62 -7.85 

49 H S-CH3 CH2-O-CH3 -7.89 -7.89 

50 H S-CH3 CH2-CH2-CH2-Cl -7.89 -7.92 

51 H S-CH3 Ph -7.96 -7.96 

52 H S-CH3 CH2-CH3 -7.89 -7.92 

53 H S-CH3 CH(-CH3)2 -7.80 -7.85 

54 H S-CH3 (CH2)8-CH3 -7.57 -7.18 

55 H S-CH3 N(-CH2-CH3)2 -6.88 -6.95 

External Validation Set 
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56 Br S-CH3 O-CH2-CH2-OH -7.13 -7.24 

57 Br S-CH3 O-CH3 -8.00 -7.89 

58 Br S-CH3 O-CH2-CH3 -7.92 -7.74 

59 Br S-CH3 O-CH2-CF3 -7.52 -7.26 

60 Br S-CH3 O-CH2-CH2-CH3 -7.92 -7.57 

61 Br S-CH3 O-CH2-CH2-CH2-CH3 -7.02 -6.90 

62 Br S-CH3 O-CH2-CH2-O-CH2-CH2-OH -7.03 -6.90 

63 H S-CH3 O-CH2-CH2-OH -7.10 -8.00 

64 H S-CH3 O-CH3 -8.00 -8.04 

65 H S-CH3 O-CH2-CH3 -8.00 -8.10 

66 H S-CH3 O-CH2-CF3 -8.10 -8.04 

67 H S-CH3 O-CH2-CH2-CH3 -8.04 -8.04 

68 H S-CH3 O-CH(-CH3)2 -8.04 -8.04 

69 H S-CH3 O-CH2-CH2-O-CH2-CH2-OH -7.07 -8.00 

70 H S-CH3 O-CH2-CH2-O-CH2-CH3 -7.92 -8.04 

 

 

7.2 Materials and methods 

7.2.1 Dataset collection 

70 of the introduced double- and triple-modified derivatives with reported 

anticancer activity in terms of the corresponding IC50 (nM) values [15–21] were selected 

to develop 3-dimensional QSAR models and used to create an ad hoc library. To ensure 

data consistency among the different compounds in the library, we included in the latter 

only those compounds for which the synthesis and the measurements of IC50 values have 

been carried out within the same experimental setting, both in terms of personnel and 

methodologies, and within a limited time frame [15–21]. The models were thus designed 

to predict specific anticancer activity – as IC50 values – of colchicine derivatives against 

two different commonly studied human cancer cell lines, specifically A549 and MCF7. 

The two-dimensional (2D) chemical structures were transformed into three-

dimensional (3D) structures through the use of QMMM (quantum mechanics/molecular 

mechanics) software package GAMESS-US (Version 2010-10-01) [22–24]. 
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Specifically, the derivatives’ structures were fully optimized based on the RHF/ cc-

pVDZ level of theory [25]. 

In this work, the in vitro biological activities of these compounds based on the 

inhibition of tubulin polymerization were retrieved from previously published work [15–

21] and converted into the corresponding pIC50 (-log IC50) values (Table 7-1), which 

were used as dependent variables in the 3D-QSAR model we developed in the present 

study. 

 

7.2.2 Docking 

In the context of choosing the best descriptors to accurately predict IC50 values 

of colchicine derivatives against the two cancer cell lines, binding and electrostatic 

energies between the novel colchicine derivatives and βІI isotype of tubulin were 

calculated by the use of docking methodology. To perform docking, we employed 

AutoDock4 software [26], which is designed to predict how drug candidates bind to the 

3D structure of a target receptor. Briefly, the protocol we used to perform docking is the 

following: first, a grid of size 44 x 44 x 60 Å3 and spacing of 0.375 Å was built and 

centered on the colchicine binding site using the AutoGrid tool; subsequently the 

AutoDock program was used to perform the docking of each of the 70 derivatives, as 

well as of colchicine, with the following settings: The genetic algorithm was run 100 

times on βІI tubulin and the novel library with explicit hydrogens. The partial charges 

of the system were applied using the Gasteiger method.  

To overcome the obstacle of not having an experimental crystal structure for 

human βІI tubulin (gene TBB2B), we first built a homology model of the latter. First, 

the sequence of βІI tubulin was obtained from UniProt [27] (code Q9BVA1) in fasta 

format. Software package MOE2018 (Molecular Operating Environment, Inc) [28] was 

used to construct the homology model of βІI tubulin using the entry 1SA0 from the 

Protein Data Bank [29] , which is an experimental structure of colchicine-bound, bovine 
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tubulin with resolution of 3.58 Å, as a template. Twelve homology models were created 

based on the maximum number of independent models that is set to 10. To optimize 

ionization states and proton placement in the final model, Protonate 3D application was 

used before the final refinement step at pH value being set at 7 and the salt concentration 

at 0.15 M. The quality of the final homology model was assessed through the lowest 

RMSD alignment with the template structure and the lowest heavy atom RMSD of each 

model to the average position of all of the intermediate models. The homology model 

was then energy minimized with periodic boundaries using the AMBER 14:EHT force 

field.  

The flexible ligands were then docked to the rigid protein using the Autodock4 

program with the protocol described above. Finally, the binding affinities of docked 

colchicine itself and its seventy derivatives were ranked and used as descriptors (Table 

7-2). Electrostatic energies between the modified derivatives and βІI tubulin were also 

collected and used as a second descriptor. 

 

7.2.3 Descriptor Calculations 

A total of 500 descriptors has been calculated for each of the training set 

compounds. The conventional descriptors were grouped into molecular and atomic 

descriptors. Two sets of atomic descriptors were developed by Hall and Kier (1991; 

1995) [30,31] and were calculated for all the compounds. Besides these standard atomic 

descriptors, an advanced set of reactivity descriptors and proprietary atomic charges are 

implemented in the ADMET Predictor software [32,33] which are derived from the 

analysis of over 1000 diverse multifunctional molecules. These were also calculated for 

the investigated compounds, and included in the dataset. GAMESS calculations were 

carried out at the B3LYP/6-311G(d,p) level of theory [34–38] and natural population 

analysis (NPA) was subsequently conducted to extract atomic charges [39,40]. For the 

extraction of separate sigma and pi components of the partial atomic charges, a special 

file:///C:/Users/jtus/apps/protonate3d.htm
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protocol was employed using natural bond orbitals (NBO) [39,40]. All ADMET charge-

based descriptors are aggregate functions of the above atomic descriptors [41]. 

Molecular descriptors are the second major class of descriptors that are functions 

of the overall molecular structure (e.g., bond and ring counts, etc.). The standard 

molecular descriptors are divided into two sub-models. The first one includes the 

constitutional descriptors that capture various aspects of molecular size and uniformity 

of composition and the second one is electron topological state descriptors that were 

devised by Kier and Hall and have been widely used in QSAR applications [41,42]. 

The standard molecular descriptors have been explained in detail elsewhere [43]. 

The recommended molecular descriptors generated by ADMET Predictor are 341 

molecular descriptors from 2D structures with an additional 36 from 3D structures.  

To select the best subset of descriptors, highly correlated descriptors, maximum 

absolute correlation of 0.98, were excluded. A cell-based genetic algorithm was 

employed to explore different descriptor combinations, evaluating each based on its 

ability to model the training set: the final subset of descriptors chosen by ADMET 

Predictor to generate the models included binding energies, electrostatic energies, 

polarizability calculated by Miller's method [44] and sum of absolute values of Hückel 

pi atomic charges on O atoms.  

 

7.2.4 3-Dimensional Quantitative-Structure-Activity-Relationship 

Models 

To attempt to build a robust QSAR model, the experimental dataset was divided 

into a training set (38 compounds) and an internal test set (17 compounds). When 

splitting a given dataset into a training set and a test set, a general rule of thumb in 

Machine Learning is that the latter should consist of 20-30% of the original data, and 

should cover the range of features present in the training set. As such, the test set 
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compounds were chosen randomly from the dataset and represented around 30% of the 

original data [45]. 

A Kohonen map, an unsupervised self-organizing machine learning technique 

that classifies sampling of structures, was used to select the test set: the QSAR models 

were developed based on an artificial neural network method (ANN) [41]. 14 inputs and 

10 neurons were used to build our ensemble models, each of which includes 50 models. 

As a result, 64 models were generated by desired descriptors and the two best models 

were chosen for each of the cell lines. Finally, the prediction of the two chosen models 

was tested with an external test set (15 compounds). 

 

7.2.5 Statistical Evaluation/Validation of the Model 

Statistical validation is a very important process for robust QSAR model 

development. In this work, three different statistical parameters were employed to assess 

the quality of the models on the training set and on the test set: (a) the square of the 

Pearson correlation coefficient, R2, which ranges from 0 to 1. Models with R2 greater 

than 0.6 can generally be regarded as of good quality [45]; (b) the value of the coefficient 

of determination, q2, which has the same range as R2. A value greater than 0.5 is 

considered as an indicator of good predictive capability of the model [46]; (c) Root mean 

square error (RMSE) and mean absolute error (MAE). 

 RMSE and MAE are two other important parameters besides R2 and q2 that 

should be used to assess the robustness of the QSAR model. Unlike the R2 and q2 values, 

there is no general consensus on RMSE and MAE values to be universally regarded as 

indicative of high-quality models; rather, the general criterion is that smaller values 

indicate better models. More importantly, the values of both RMSE and MAE should 

not be inconsistent between the training and test sets. Indeed, a discrepancy in the form 

of low RMSE and MAE in the training set and significantly higher values in the test set 

indicates an overfitted model [46]. 
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7.2.6 External Validation 

Golbraikh and Tropsha proposed a set of statistical guidelines for the external 

test set [45], validated by Tropsha, Gramatica and Chirico to be used for external test 

validation [47–50]. First, the R2 of the external validation set should be larger than 0.6 

where R2 is the squared correlation coefficient between the predicted and observed 

values of the activity. Second, 
𝑅2 −𝑅0

2

𝑅2 < 0.1 or 
𝑅2 −𝑅0

′2

𝑅2 < 0.1 where 𝑅0
2 and 𝑅0

′2 are the 

squared correlation coefficients calculated by using regression through the origin (RTO) 

for graphs of predicted versus observed activities and observed versus predicted 

activities, respectively. The slope of these graphs, K and K´ should be as close to 1 as 

possible, 0.85 < K or K´ < 1.15. More specifically RTO referred to linear regression by 

the least-squares method without a constant term [46]. Uncertainty estimates are also 

useful in validating model performance since they allow to distinguish marginal 

disagreements with observation values from substantive ones. 

Numerical modelling uncertainty analysis put into operation several techniques 

to investigate various sources of uncertainty in model input and design. Uncertainty 

analysis is a trending approach to determine the accuracy and reliability of the prediction 

of the models. 

ADMET Predictor generalized gamma distributions are fitted to the cumulative 

distributions of squared error and ensemble standard deviation of the training set points 

to build an uncertainty model. It can be shown, based on the properties of the cumulative 

gamma distribution, that the greater the separation between the predicted cumulative 

squared error distribution and predicted cumulative standard deviation distribution, the 

stronger is the dependence of the predictive uncertainty on the standard deviation of the 

sub-model predictions. An uncertainty model can estimate the regression uncertainty 

associated with a prediction. Uncertainty estimates are computed from the standard 

deviation of predictions from individual models that make up the ensemble model. 
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Higher standard deviations lead to higher uncertainty estimates and lower standard 

deviations lead to lower uncertainty estimates [41]. 

The RMSU metric is another valuable parameter to assess the quality of the 

uncertainty model. It is analogous to RMSE except the calculation uses the estimated 

uncertainty for each model prediction instead of the observed error. 

The protocol used to build an uncertainty model usually results in the RMSU for 

the training set being very close to the training set RMSE. Thus, the similarity of the 

RMSU to the RMSE for the training set is generally not an informative indicator of the 

quality of the uncertainty model. Conversely, the same similarity between RMSU and 

RMSE for the test set is indeed indicative of a good uncertainty model. It shows that the 

mean squared uncertainty over a reasonably sized dataset is a good estimate of the 

predictive model’s mean squared error over the same data set. 

A quantile-quantile plot (Q-Q plot) is a graphical method for comparing two 

probability distributions by plotting their quantiles against each other [51]. The Q-Q 

plots are a better representative plot to illustrate the difference between the observed and 

predicted statistics [41].  

 

7.3 Results and Discussion 

7.3.1 3D-QSAR Model Development and Validation 

Two statistical nonlinear regression QSAR models were developed and studied 

for their ability to predict the IC50 values of colchicine derivatives against the two 

different cell lines A549, associated with lung cancer, and MCF7 associated with breast 

cancer (Figure 7-2). 

In a previous study [15,17,20], a good correlation between predicted binding 

energies of the mentioned library with βII tubulin and experimental IC50 values was 

achieved [15–20,52]. This result suggests the hypothesis that binding energies should be 

a good candidate descriptor for 3D Quantitative Structure-Activity Relationship models 
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(QSAR) to predict the antiproliferative efficacy of such compounds. At the same time, 

due to the dominantly electrostatic nature of hydrogen bonding, electrostatic energies 

between ligands and βII tubulins were chosen as a further descriptor to be included in 

the model. Lastly, polarizability and sum of absolute values of Hückel pi atomic charges 

on O atoms were also chosen by ADMET Predictor software as two conventional atomic 

descriptors to be included in the model as well. The calculated values of the four 

mentioned descriptors are reported in Table 7-2 for each compound in the training set 

and internal test set, as well as in the external validation set. 

Table 7-2. Binding energies (kcal/mol) and electrostatic energies (kcal/mol) between βII 

tubulin and referred derivatives, polarizability (Å3) and sum of absolute values of Hückel pi 

atomic charges on O atoms, used to build two QSAR models for MCF7 and A549 cells. 

Descriptors values for training and internal test set 

Compound 
Hückel pi atomic 

charges on O atoms 
Polarizability 

Binding 

Energies 

Electrostatic 

energy 

1 42.2 1.68 -7.06 -0.04 

2 44.9 1.68 -6.89 -0.04 

3 47.3 1.46 -7.05 -0.06 

4 43.5 0.99 -7.01 -0.12 

5 49.8 1.46 -5.71  0.05 

6 52.9 1.47 -5.04  0.05 

7 55.7 1.49 -7.25  0.01 

8 49.1 1.47 -7.49  0.03 

9 61.0 1.47 -6.47 -0.04 

10 54.2 1.56 -4.38 -0.01 

11 44.6 1.68 -6.80 -0.05 

12 46.7 1.47 -6.89 -0.06 

13 42.8 0.99 -6.99 -0.16 

14 49.7 1.63 -6.19 -0.12 

15 47.2 1.63 -7.31 -0.05 

16 49.0 1.63 -6.54 -0.05 

17 48.6 1.63 -5.99  0.00 

18 50.9 1.63 -6.72 -0.06 

19 50.9 1.62 -5.76  0.03 

20 52.7 1.63 -6.67 -0.07 

21 54.0 1.63 -6.89 -0.10 

22 49.0 1.46 -6.07  0.05 

23 52.1 1.47 -6.18  0.02 

24 54.3 1.48 -7.25  0.00 



 

 

211 

 

25 48.4 1.47 -7.51  0.04 

26 50.2 1.46 -7.34  0.04 

27 61.2 1.47 -6.71 -0.02 

28 53.5 1.56 -4.53 -0.01 

29 46.8 1.68 -6.79  0.03 

30 49.2 1.47 -7.04 -0.06 

31 45.4 0.99 -7.03 -0.12 

32 52.4 1.63 -5.11 -0.01 

33 49.9 1.64 -7.06 -0.06 

34 51.7 1.63 -6.77 -0.00 

35 51.4 1.63 -6.45 -0.00 

36 53.5 1.63 -6.68 -0.00 

37 53.5 1.62 -7.02 -0.07 

38 55.3 1.63 -6.85 -0.07 

39 56.0 1.63 -6.18 -0.06 

40 51.7 1.46 -5.55 -0.11 

41 54.8 1.47 -5.48  0.08 

42 56.9 1.48 -7.13  0.00 

43 51.0 1.47 -7.24  0.02 

44 52.8 1.47 -7.09  0.02 

45 63.8 1.47 -6.44  0.02 

46 56.1 1.57 -4.79 -0.01 

47 44.7 1.47 -6.68 -0.05 

48 40.9 0.99 -6.66 -0.11 

49 47.1 1.46 -6.68  0.04 

50 50.2 1.47 -7.15  0.07 

51 52.5 1.48 -7.36  0.00 

52 46.5 1.47 -6.95  0.05 

53 48.3 1.47 -6.58  0.05 

54 59.4 1.47 -7.35 -0.01 

55 51.9 1.56 -5.70 -0.20 

Descriptors values for external test set 

56 50.4 1.63 -6.14 -0.08 

57 48.0 1.63 -7.31 -0.06 

58 49.8 1.63 -7.28 -0.05 

59 49.5 1.63 -5.32  0.03 

60 51.6 1.63 -6.63 -0.06 

61 53.4 1.63 -6.74 -0.06 

62 54.8 1.63 -6.89 -0.10 

63 47.7 1.63 -5.83 -0.06 

64 45.3 1.64 -7.03 -0.05 

65 47.1 1.63 -6.62 -0.04 

66 46.6 1.63 -6.74 -0.01 

67 49.0 1.63 -6.62 -0.05 

68 49.0 1.62 -6.89 -0.05 
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69 52.1 1.63 -7.56 -0.10 

70 51.4 1.63 -6.35 -0.03 

 

The analysis produced 64 models with good R2 values between 0.7 to 0.9 for 

both training and test sets. The Kohonen map technique that was employed to cluster 

input samples by their structures typically gives good results for medium-sized data sets. 

Artificial Neural Network (ANN) was used to generate the models. ANN models are 

nonlinear ensemble models, with hidden neurons between the inputs and output [41]. 

48 and 16 models were generated for A549 and MCF7 cell lines, respectively. 

However, most of the models were discarded due to overfitting on the training set or 

poor estimation of the IC50 values on the external test set. Out of the 64 models generated 

in total, two successfully passed the validation on the training set, internal test set and 

validation set (Figure 7-2), one for each cell line. These models featured R2 values larger 

than 0.75 (0.88 for MCF7 and 0.76 for A549) and RMSE values were consistent between 

the training and test sets (0.21 for MCF7 and 0.28 for A549 cancer cell lines). 
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Figure 7-2. Linear regression graph of predicted vs observed values of IC50 for both A549 

and MCF7 cancer cell lines for training and internal test sets. 

 

In Table 7-3, values of R2, RMSE, RMSU, and MAE were reported for each of 

the training and internal test sets of model 1 (for MCF7 cell line) and model 2 (for A459 

cell line).  
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Table 7-3. Values of R2, RMSE, RMSU, and MAE were reported for each of the training 

and internal test sets of model 1 (for MCF7 cell line) and model 2 (for A459cell line). 

MCF7 Model validations 

 RMSU MAE RMSE Q2 R2 

Training set 0.21 0.17 0.21 0.868 0.88 

Internal test set 0.22 0.18 0.21 0.843 0.86 

A459 Model validations 

Training set 0.28 0.22 0.28 0.75 0.76 

Internal test set 0.29 0.21 0.28 0.70 0.77 

 

 
     

7.3.2 External Validation 

 The two finalized 3D-QSAR models for the prediction of IC50 values for both 

A549 and MCF7 cancer cell lines were tested with an external independent dataset 

(Figure 7-3). The purpose of the external validation is to evaluate the robustness of 

generated models and assess if they can generalize to unseen data without significant 

loss of predictive power. The prediction values of an independent validation set can thus 

quantitatively determine the quality of the developed model [46]. The mentioned models 

pass the statistical guidelines for the external validation set proposed by Golbraikh and 

Tropsha Table 7-4) [45]. The R2 values of both candidate models are higher than 0.6, 

while the slope of the regression through the origin (RTO), K, is larger than 0.8 and 

smaller than 1.15. The criterion 
𝑅2 −𝑅0

2

𝑅2 ≤ 0.1 defined before is also satisfied for both 

models [45,46].  
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Table 7-4. validation parameters for the external test on A549 and MCF7 models: R2, the 

squared correlation coefficient of predicted versus observed activities; R0
2 the squared 

correlation coefficient calculated by using regression through the origin (RTO) for graphs of 

predicted versus observed activities; K, the slope of the regression through the origin (RTO). 

 R2 R0
2 K 

A549 model 0.69 0.62 1.05 

MCF7 model 0.60 0.54 1.06 
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Figure 7-3. (A) Linear regression graph of predicted vs observed values of pIC50 for A549 

cancer cell lines in external test sets. (B) Linear regression graph of predicted vs observed 

values of pIC50 for MCF7 cancer cell lines in external test sets. 

 

7.3.3 Regression Uncertainty 

Two associated regression uncertainty models generated starting from our 

models are shown in Figure 7-4. The blue and red dashed lines represent the squared 

error and standard deviation of the predictions, respectively. The dashed lines allow us 
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to assess the quality of how well the generalized gamma distributions are fitted to the 

cumulative distributions of squared error and ensemble standard deviation of the training 

set points [41]. The failure to get a satisfactory level on uncertainty for a regression 

model may be indicative of overtraining or of bias in dataset selection. 

The predictive uncertainty on the standard deviation of the sub-model 

predictions is strongly dependent on the extent of the separation between the predicted 

cumulative squared error distribution and predicted cumulative standard deviation 

distribution. As seen in Figure 7-4, the red and blue dashed lines are perfectly fitted in 

both of our uncertainty models [41].  

 

Uncertainty analysis models 

A549 model MCF7 model 

 

Figure 7-4. Associated regression uncertainty models of 3D-QSAR model both A549 and 

MCF7 cancer cell lines. 
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Moreover, as mentioned in the Methods section, the closeness of values of the 

RMSU and RMSE of test sets is a characteristic of a good uncertainty model that is 

achieved for both models in Figure 7-4. 

 

Quantile-Quantile Plots 

In Figure 7-5, Q-Q plots are shown for the squared error and standard deviation 

distributions. Each of the models for both cancer cell lines shows four outliers that 

belong to the test set.  

 

A549 model MCF7 model 

Q-Q plot for standard deviation distributions 

 

Q-Q plot for squared error 
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Figure 7-5. Associated squared error and standard deviation distributions Q-Q plots of 3D-

QSAR models for A549 and MCF7 cancer cell lines. 

 

Compounds 13, 48, and 45 are three out of four unfitted structures of Q-Q plots 

for both A549 and MCF7 cancer cell line (Figure 7-6). Being able to distinguish the 

outlier of the input data gives us a chance to improve our models by eliminating the 

mentioned structures in the future or redo the measurement of their IC50 to assure the 

robustness of the experimental data. Also, the details of the interaction between these 

compounds and the colchicine binding site might be worth investigating in greater detail, 

both experimentally and computationally through techniques such as molecular 

dynamics. 
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Outlier structures 

A549 model MCF7 model 

 
Figure 7-6. Outlier structures of internal test sets of 3D-QSAR models for A549 and MCF7 

cancer cell lines. 

 

7.4 Conclusions 

Microtubules are well-known and commonly used molecular targets for cancer 

therapy, and it is widely accepted that both drug-induced stabilization and 

depolymerization of microtubules could play a critical role in cancer treatment. 

Colchicine, a unique tubulin-targeting inhibitor which prevents microtubule 

polymerization, has to this date been unable to make it through clinical trials for cancer 

chemotherapy, mainly due to its high systemic toxicity. The extensive effort of 

designing and optimizing colchicine derivatives has not yet yielded desirable results, 

due to the difficulty in the synthesis of compounds exhibiting both specificity and 

selectivity for their molecular targets. In this context, we aimed to generate two 3D 

QSAR models to predict the missing IC50 values for 70 novel colchicine derivatives 

against two commonly-used breast and lung cancer lines, namely MCF7 and A549. The 
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chemical structure of 50 new compounds was used as input data along with their 

corresponding in vitro activity (IC50 values) to build two models for the aforementioned 

cell lines. A method based on Kohonen maps was applied to split the input data into 

training and test sets. 15 independent compounds were subsequently used as an external 

independent validation set. The binding and electrostatic energies between the 

mentioned library of derivatives and βII tubulin were estimated by docking and then 

used as two novel descriptors, along with two conventional ones, namely polarizability 

and sum of absolute values of Hückel pi atomic charges on O atoms. A widely used 

Artificial Neural Network was deployed to generate our models. Based on the 

calculations and analysis presented in this chapter, our two finalized QSAR models for 

both A549 and MCF7 cancer cell lines, not only showed good performance on the test 

set, assessed through the high value of q2 and R2, but also show predictive ability and 

good generalization on the independent validation set of compounds. Moreover, the 

produced models proved sufficiently robust according to the restrictive criteria that were 

suggested by Golbraikh and Tropsha [45]. Analysis of the associated uncertainty models 

of our robust models also illustrate how RMSU values are consistent with RMSE for the 

test set for both of our QSAR models, which further confirms the quality of the 

uncertainty models. 
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Introduction 

Natural products have played a dominant role in traditional medicine in over the 

previous centuries. In recent years, in spite of major advances in the computational drug 

discovery and total synthesis areas, there has been a growing interest in using natural 

products for the development of anti-cancer therapeutics [1]. Some of these 

pharmaceutical agents have shown promising results in the prevention or treatment of 

cancer [2]. Scoulerine (also known as discretamine and aequaline) is a natural product 

isolated from Corydalis plants and belongs to one of the largest groups of natural 

compounds known as isoquinoline alkaloids [3]. Isoquinoline alkaloids are 

biogenetically derived from phenylalanine and tyrosine, having a basic structure of an 

isoquinoline or a tetrahydroisoquinoline ring in their scaffold [4]. The scoulerine 

molecule consists of two tetrahydroisoquinoline rings with two hydroxyls and two 

methoxyl functional groups (Figure 8-1). This molecule has shown a broad range of 

pharmacological properties such as antiemetic, antitussive, anti-bacterial, and anti-

inflammatory activities [3]. It has also been demonstrated to have an anti-proliferative 

and pro-apoptotic function in cancer cells [5]. In addition, it is a precursor in the 

biosynthesis of noscapine, another natural compound with anti-mitotic properties that 

has been extensively tested in the cancer chemotherapy space [6–9]. 

Scoulerine inhibits -site amyloid precursor protein cleaving enzyme 1 

(BACE1), which is a very favourable target for Alzheimer's treatment [10]. It has been 

also recently reported that scoulerine exhibits effective antimitotic activity, which leads 

to microtubule disruption suggesting this molecule as a promising candidate for 

suppression of cancer cell growth [5]. 

Microtubules are ubiquitous filamentous structures found in the cytoskeleton of 

all eukaryotic cells. They polymerize from α and β tubulin heterodimers. Microtubules 

are dynamic polymers in kinetic equilibrium with the α, β tubulin heterodimers in 

solution which is achieved through polymerization and depolymerization cycles [11]. 
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Microtubules play a crucial role in the development and maintenance of cell shape. They 

are also importantly involved in mitosis and cellular movements [12]. Microtubules have 

been one of the most commonly considered targets for tubulin-targeting 

chemotherapeutic agents. The α, β tubulin heterodimers and microtubules have several 

different binding domains. Some of the well-studied inhibitors and their binding pockets 

are: the colchicine-binding domain, vinca-binding domain, laulimalide-binding domain, 

and taxol-binding domain, to list the most important few [11]. Most of the binding sites 

are not exclusive to primary inhibitors and can be targeted by other compounds. The 

mechanism of action of a large number of chemically diverse inhibitors of microtubules 

can be classified into two categories: they can act as either stabilizers or destabilizers. 

Microtubule-stabilizing agents stabilize the polymer by obstructing depolymerization 

and inducing the polymerization of tubulin [13]. Microtubule-destabilizing agents bind 

to the tubulin dimers and destabilize microtubules by halting polymerization of tubulin 

[14]. Despite the known effects of scoulerine on microtubules, a precise mechanism of 

action of this molecule is still unclear and further research is required [5]. 

 

 

Figure 8-1. Scoulerine structure 

 

 

The present study aims to address the mode of action of scoulerine by means of 

computational prediction studies. For this purpose, blind docking was used to predict 
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binding pockets for scoulerine. An evaluation scheme based on binding affinities and 

root mean square deviation (RMSD) between the crystallographic and the docked ligand 

conformations leads to valuable initial information. For an expanded investigation into 

predicted binding sites for scoulerine, molecular dynamic (MD) simulations were used. 

The complex systems of scoulerine bound in the potential binding pockets were 

designed and analyzed by RMSD and clustering analysis. All of the above-mentioned 

steps were followed to predict the stability of the binding interactions and closeness of 

the inhibitor to the potential scoulerine binding sites. 

 

8.1 Materials and methods  

8.1.1 3D structure preparation of the ligand. 

 The two-dimensional (2D) chemical structure of scoulerine was converted into 

a corresponding three-dimensional (3D) structure. The 3D scoulerine structure was first 

minimized and then fully optimized based on the RHF/ccpVDZ level of theory using 

the GAMESS-US software package (Version 2010-10-01) [31–34]. To investigate 

protonation of nitrogen in the scoulerine structure, the total energies of protonated and 

non-protonated scoulerine were calculated in the presence of hydronium and hydroxy 

ions in vacuum and water environments, respectively. The restricted Hartree-Fock 

method was used with the Dunning cc- pVDZ basis set for the above-mentioned 

calculations [31].  

 

8.1.2 Blind docking 

 The optimized structure of scoulerine was blindly docked to the 1SA0 Protein 

Data Bank (PDB) structure of α and β tubulin via AutoDock4 software [16]. To do so, 

the maximum size of the grid box used was 126 × 126 × 126 Å3, which then divided 
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each of tubulin monomers into three parts and docking procedure was subsequently 

applied.  

8.1.3 3D structure preparation of complexes for MD simulation  

Scoulerine in the colchicine binding 

 The complex designed in the first part of the present study consists of scoulerine 

bound in the colchicine-binding pocket of human α and βІ tubulin heterodimers. A 

homology model allows overcoming the obstacle of not having a valid crystal structure 

for human α (TBA1A_HUMAN) and βІ tubulin (TBB5_HUMAN). The software 

package MOE2018 (Molecular Operating Environment, Inc) [35] was used to construct 

the procedure. The 1SA0 PDB crystal structure [36] was used as a structural template to 

create human α and βІ tubulin heterodimers based on the corresponding sequence 

(UniProt: P07437) for human βІ and (UniProt: Q71U36) for human α tubulin. The 

scoulerine structure was optimized by quantum mechanics molecular mechanics 

(QMMM) calculations. The pose of the drug was taken from the docked scoulerine to 

the colchicine binding site of the 1SA0 PDB crystal structure. 

 

Scoulerine in the laulimalide binding sites of microtubule 

 The model used in the second part of the present study consists of scoulerine 

bound between two adjacent heterodimers. The homology models of human βІ tubulin 

(TBB5_HUMAN) sequence (UniProt: P07437) and human α tubulin 

(TBA1A_HUMAN) sequence (UniProt: Q71U36) were generated by taking tubulin 

structures in 4O4H as a template [26]. The protofilament arrangement was based on the 

2XRP crystal structure, which combined 8 Å resolution cryo-electron microscopy data 

with the 4O4H crystal structure, which has a resolution of 2.1 Å to obtain a microtubule 

structure at atomic resolution [26,37]. The scoulerine pose was taken from the docked 

scoulerine to laulimalide binding site on 4O4H.  
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8.1.4 Molecular dynamic simulation 

 In both complexes, parameters for the scoulerine were compatible with the 

general Amber force field (GAFF) and calculated via the antechamber suite of Amber 

18 [38]. The Amber ff12SB force field was used to describe tubulin components. Each 

complex was solvated in an octahedral box of TIP3P water molecules [39] extending 12 

Å from the solute. To obtain a 0.15 M ion concentration, sodium and chloride ions were 

added to neutralize the systems. The systems were gradually heated up to 310 K over 

200 ps and maintained at 310 K for another 100 ps under constant volume conditions 

(NVT). The Langevin thermostat was used with a time collision frequency of 2 ps. Non-

bonded terms were calculated within a 10 Å cut-off, except for long-range electrostatics, 

which was calculated with the particle mesh Ewald method [40]. During simulations, 

the SHAKE algorithm was used [41]. 

 

8.1.5 Clustering analysis 

 RMSD-based clustering was used to extract protein and ligand structures to 

represent the overall closeness and stability of a new inhibitor in the binding site. The 

movement trajectory of the complex was broken down into clusters of similar sampled 

conformations during the MD simulation. The mass-weighted RMSD of the tubulin 

components was calculated with respect to the structure at 0 ns. The heavy atoms of the 

backbone of the protein were fitted for RMSD. The clustering analysis was performed 

on each system, which was structurally equilibrated after 43 ns using the average 

linkage. The average-linkage is one of the bottom-up algorithms, in AmberTools18 

(Figure 8-6 and 12) [42]. Several studies have discussed and validated the use of 

hierarchical algorithms in MD simulations [23,24]. A representative structure was 

extracted for each cluster and used for comparative analyses [43].  
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8.1.6 Binding affinities and pose analysis of potential scoulerine 

binding sites 

 To obtain numerical representatives for illustration of how close the potential 

binding sites are to the available colchicine and laulimalide binding sites, the RMSD 

values of scoulerine in S1 and S2 were calculated with respect to the reference crystal 

structures of colchicine, CN2 (the colchicine derivative) and laulimalide from 

5NM5,1SA0 and 4O4H PDB files, respectively. 

The RMSD values of 3.5 and 3.4 Å between blind-docked scoulerine in S1 and 

crystal structure of colchicine (5MN5) and CN2 (1SA0) support the assumption and 

illustrate that the colchicine might share its binding site with scoulerine. Moreover, the 

RMSD values of 1.6 Å display even more adjacency between docked scoulerine in S2 

and the crystal structure of laulimalide (4O4H). To put to a test the strength of 

interactions between scoulerine and residues of the above-mentioned binding sites, 

colchicine and scoulerine were docked specifically to the colchicine binding site (1SA0) 

by Autodock and their binding affinities were then compared (Table 8-1). The same 

method was applied to calculate and compare the binding affinities of laulimalide and 

scoulerine to the only crystal structure that is available for laulimalide binding site 

(4O4H). The fact that a laulimalide docked between microtubule protofilaments and 

perhaps has two binding sites on β tubulin should not be overlooked (Table 8-1).  

The binding affinity of -9.23 kcal/mol for colchicine versus -7.96 kcal/mol for 

scoulerine in the same binding site of  tubulin predicts weaker interactions between 

scoulerine and colchicine binding site of  tubulin. Scoulerine is a new 

chemotherapeutic drug and most of the biological aspects of the drug still need to be 

evaluated. In 2018, the Habartova group used 20 M of scoulerine to disrupt 

microtubule function in the A549 lung cancer cell line where nocodazole, another 
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colchicine binding site inhibitor (CBSI), was used as control [6]. Nocodazole, at a 

concentration of 5 µM was shown to be as effective as scoulerine [5,19]. Binding affinity 

of -7.50 kcal/mol for laulimalide versus -6.87 kcal/mol for scoulerine in the same 

binding site of β tubulin also predicted weaker binding interactions between scoulerine 

and  tubulin in the laulimalide binding sites of the 4O4H PDB crystal structure. 

Table 8-1. (A) Blinding energies of scoulerine and colchicine docked in the colchicine 

binding site (1SA0). (B) scoulerine and laulimalide docked in the laulimalide binding site 

(4O4H). 

 
Colchicine binding site 

A 

Laulimalide binding site 

B 

Name Colchicine scoulerine Laulimalide scoulerine 

B.A (kcal/mol) -9.23 - 7.96 -7.50 - 6.87 

 

The steps described below were followed to evaluate the three potential binding 

sites of β tubulin and identify which one might be the most probable binding site for 

scoulerine. First, visualization of the docked poses of scoulerine was done. Next, 

analysis of the interacting residues of each binding site of β tubulin with scoulerine was 

carried out. Finally, results of molecular dynamics simulations of scoulerine in the 

colchicine and laulimalide binding pockets were inspected.  

 

Table 8-2. RMSD values for scoulerine in S1 and S2 with respect to the reference of crystal 

structures of colchicine, colchicine derivative, CN2 and laulimalide form 5NM5,1SA0 and 

4O4H PDB files respectively. 

Crystal structure (Reference) Docked scoulerine RMSD (Å) 

CN2 (1SA0) S1 3.4 

5NM5 (Colchicine) S1 3.5 

Laulimalide (4O4H) S2 1.6 
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8.1.7 Microscale thermophoresis 

Microscale thermophoresis analyses were carried out using a Monolith NT.115 

instrument (Nano Temper Technologies, Germany). Lyophilized tubulin powder was 

purchased from commercial sources (Cytoskeleton Inc, Denver, CO, USA; T240) and 

reconstituted as previously described (Kalra et al., 2020). Briefly, 180 µL of GTP 

(guanosine triphosphate) supplemented BRB80 (80 mM PIPES pH 6.9, 2 mM MgCl2, 

0.5 mM EGTA, 1mM GTP) was first added to 20 µL of microtubule cushion buffer 

(BRB80T in 60 % glycerol). This solution was added to 1 g of lyophilized tubulin 

powder for reconstitution, aliquoted and stored at – 80o C. Rhodamine labelled tubulin 

(Cytoskeleton Inc, Denver, CO, USA; TL590m; 20 µg) was reconstituted by adding 70 

µL of unlabelled tubulin solution (described above) to 5 µL of microtubule cushion 

buffer. All experiments were carried out at 23 oC in Monolith NT.115 Premium 

capillaries (Nano Temper Technologies, cat# MO-L011), with 95% LED power 

(fluorescence lamp intensity) and 60% microscale thermophoresis power (IR-laser 

intensity). Scoulerine was diluted into the assay buffer containing 80 mM PIPES-KOH, 

pH 6.9, 2 mM MgCl2 and 0.5 mM EGTA, with titration range of 50 µM to 12.2 nM. 

Experiments were performed in two replicates, data were analyzed by Monolith Affinity 

Analysis v2.2.6 software, exported to excel and plotted with GraphPad Prism 7.0. 

 

8.2 Result and discussion 

8.2.1 Protonated or deprotonated scoulerine in cancer cell 

 The first step to investigate the mechanism of action of scoulerine is to 

distinguish the proper structure for the ligand in the cancer cell environment. Scoulerine 

has a nitrogen atom in its ring that can be protonated in a sufficiently acidic environment. 

The acidity of cancer cells is slightly different from normal cells. In vivo, the 
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extracellular matrix of tumours shows acidity of 6.2 to 6.9 pH. However, the intracellular 

matrix of tumours is alkaline, having a pH range of 7.12 to 7.65 [15]. With the help of 

quantum mechanical calculations, the total energies of scoulerine and protonated 

nitrogen scoulerine in acidic (H3O
+) and basic (OH–) environment, in vacuum and in the 

presence of water, were calculated and compared (Table 8-3). The total energies of -

3050122 kJ/mol. for scoulerine and H2O versus -3049860 kJ/mol. for deprotonated 

scoulerine with hydroxy indicate that nitrogen of scoulerine stays deprotonated in the 

alkaline cancer cell environment. 

 

Table 8-3. Total energy of protonated and non-protonated scoulerine by quantum mechanical 

calculations in 8 different systems. (A) scoulerine and hydronium in vacuum and water. (B) 

protonated scoulerine with H2O in water and vacuum. (C) scoulerine with H2O in water and 

vacuum. (D) protonated scoulerine with hydroxy in water and vacuum. 

A 
EScoul 

(kJ/mol) 

EH3O+ 

(kJ/mol) 

ETotal 

(kJ/mol) 
B 

EH
+

_Scoul 

(kJ/mol) 

EH2O 

(kJ/mol) 

ETotal 

(kJ/mol) 

Shifted 

by 
-2850 -2009 -3051  -2851 -1996 -3051 

Vac -453 -56 -409 Vac -529 -170 -120 

H2O -506 -56 -461 H2O -711 -170 -330 

C 
EScoul 

(kJ/mol) 

EH2O 

(kJ/mol) 

ETotal 

(kJ/mol) 
D 

EH
+

 _scoul 

(kJ/mol) 

EHO
- 

(kJ/mol) 

ETotal 

(kJ/mol) 

Vac -453 1283 930 Vac -529 -1821 1692 

H2O -506 1257 878 H2O -713 -1428 1140 

 

8.2.2 Analysis of potential scoulerine binding sites on β tubulin 

 The AutoDock software package was used [16] to test whether it is possible to 

find the potential binding sites and binding modes of flexible scoulerine on α and β 

tubulin monomers without any prior knowledge of their location and conformation. The 
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AutoDock based blind docking (BD) approach [16] searches the entire surface of 

proteins for finding binding sites while simultaneously optimizing the conformations 

and the pose of the docked ligands. AutoDock is an appropriate tool for such a test 

because of its parameter set, based on the AMBER force field [17], and the capability 

of using flexible torsions for the ligands during the docking process. The protocol for 

docking procedures in different software packages is slightly different. In Autodock4, 

first the auto-grid program maps the target protein and then the auto-dock program docks 

the desired ligands to the set of grids of the mentioned protein [16].  

Three potential binding sites were predicted as a result of blind docking of 

deprotonated scoulerine to 1SA0 PDB structure from Protein Data Bank (Figure 8-2). 

All of the three estimated binding sites found were on β tubulin. To investigate whether 

any of the predicted binding sites matched with the known binding sites of β tubulin, 41 

Protein Data Bank files were superimposed on the 1SA0 PDB structure with scoulerine 

docked to the three predicted binding sites. Vinca alkaloids, colchicine, taxol, 

epothilone, and laulimalide sites are the major binding sites for most stabilizing and 

destabilizing tubulin inhibitors bind to prevent the dynamics of microtubules [18].  
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Figure 8-2. S1, S2 and S3 represent the three predicted potential binding sites by blink docking 

of scoulerine (blue) to α (green) and β (red) tubulins of 1SA0 PDB structure. Colchicine 

derivative from 1SA0 in S1 and Laulimalide from 404H in S2 shown in white. 

 

CN2, a colchicine derivative, from 1SA0 and colchicine from 5NM5, were found 

to be close to the docked scoulerine location in S1. This observation suggests S1 site has 

the potential to be a colchicine binding site. Laulimalide from 4O4H was also found to 

be close to the docked scoulerine location in S2. Based on the analysis, the S2 site can 

also potentially be a laulimalide binding pocket. For S3, However, none of the available 

inhibitors were close enough to the docked scoulerine.  

 

8.2.3 Colchicine site 

The colchicine binding site on tubulin is a well-studied binding pocket and to 

date, many crystal structures of inhibitors have been found to dock in the colchicine 

binding site [20,21]. Seven pharmacophoric points were distinguished for CBSIs and 

are displayed in Figure 8-3. Based on previous work done on the subject, none of the 
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known structures of CBSIs contains all seven pharmacophore groups [20,21]. Three 

hydrogen bond acceptors of pharmacophoric points are labelled as A1, A2 and A3 in 

Figure 8-3. The backbone nitrogen of Valα179 of the colchicine binding pocket is in 

contact with A1. The sulfur atom of Cysβ239 interacts with A2. Finally, A3 forms one 

contact mainly with the backbone nitrogen of Alaβ248, Aspβ249, and Leuβ250. 

Hydrogen bond donor of pharmacophoric points, D1, interacts with the backbone 

oxygen of Thrα177. H1 and H2 are the two hydrophobic centers of pharmacophoric 

points. H1 point reacts to the side chains of Valα179 and Metβ257. H2 interacts with 

side chains of Leuβ255, Alaβ316, Valβ318 and Ileβ378. The last pharmacophoric points, 

R1, belong to one planar group (Figure 8-3) [20,21].  

 

 

Figure 8-3. Interactions between the pharmacophoric points and the tubulin structure [21]. 

 

8.2.4 Potential scoulerine binding site (S1) 

 In Figure 8-4A, a two-dimensional interaction scheme of the superimposed 

colchicine crystal structure from 5NM5 PDB file (green) on scoulerine in the S1 site 

(red) illustrates the pose of scoulerine in comparison to the pose of colchicine. Even 
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though the pose of the colchicine crystal structure overlaps with the pose of scoulerine 

in the S1 (Figure 8-4A), analyzing the adaptation of scoulerine with seven 

pharmacophore groups of colchicine binding site inhibitors was essential. The two-

dimensional interaction scheme (Figure 8-4B) displays interactions between scoulerine 

and potentially a binding pocket, S1. Scoulerine has the A1 pharmacophoric point of 

CBSI ligands because of the hydrogen acceptor interaction between a sulfur atom of 

Cys239 with N of scoulerine. The A3 pharmacophoric point of CBSI ligands is supposed 

to have a hydrogen acceptor by the backbone nitrogen of Ala248 or Leu250. However, 

the distance between the backbone nitrogen of Ala248 or Leu250 and scoulerine is 4.2 

Å that translates into weak electrostatic interactions. Taking into consideration that the 

pose of scoulerine is the result of wide blind docking, there is a possibility that a small 

adjustment might lead to the hydrogen bonding with either Ala248 or Leu250 (Figure 

8-4B). The third pharmacophoric point of CBSI, H2, is a hydrophobic center that 

interacts with side chains of Leu255, Ala316, Val318, and Ile378. The green color of 

the above-mentioned residues in the 2-dimensional interaction scheme in Figure 8-4B 

means greasy that refer to hydrophobic nature of the residues. The blue circles show the 

ligand exposure to the solvent and the dotted line around the ligand shows the proximity 

contour. The closer is the ligand to the contour in the scheme, the deeper the ligand is in 

the cavity of the binding pocket of the protein. To put it in a better perspective, Figure 

8-4C is generated to show the hydrophobic surface of protein in the S1 site that wraps 

the hydrophobic center, H2, of the scoulerine.  

Scoulerine also has planar group to fit the pharmacophoric R1 point. D1 and A1 

of the pharmacophoric points of CBSI interact with Thr177 and Val178 of α tubulin. 

However, the closest residue of α tubulin in the Figure 8-4B is Ser178. 
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Figure 8-4. (A) 2D-interaction scheme of superimposed colchicine crystal structure from 

5NM5 PDB file (green) on scoulerine in the S1 site (red). (B) 2D-interaction scheme of 

scoulerine in the S1 site. (C) Surface patches identifying regions of hydrophobicity (yellow) 

around scoulerine. Residues Leu255, Ala316, Val318, and Ile378 of β tubulin that involve 

in hydrophobic interaction colored in teal. 

 

8.2.5 Conformational analysis 

RMSD analysis on S1 site 

 Homology model of human α and βI tubulin based on 1SA0 template was 

performed. Scoulerine was specifically docked to colchicine binding site. Molecular 

dynamic simulation of the system was performed for 120 ns. The RMSD values of 

scoulerine to the backbone of colchicine binding site were calculated during the 

simulation. In order to assess the equilibration of the system, the plot of total energies 
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of the system versus time was plotted and compared to the RMSD plot. The system 

appeared to be equilibrated after 43 ns. The RMSD value of 2.2 to 2.3 Å for 77 ns of 

simulation after the equilibration verified that the interactions between scoulerine and 

residues of colchicine binding site are strong enough to keep the ligand close to binding 

pocket Figure 8-5. 

 

Figure 8-5. RMSD of scoulerine to the colchicine binding site (S1-1SA0). 

Clustering analysis 

Clustering analysis was carried out with the hierarchical agglomerative 

algorithm [22]. Several studies have discussed and validated the use of hierarchical 

algorithms in MD simulations [23,24]. The frames of 77 ns were clustered as reported 

by binding site closeness. To be specific, this closeness was sorted based on the mass-

weighted RMSD of the binding-site atoms, which includes scoulerine and residues 

having atoms within 8 Å of scoulerine. The centroid structures have the smallest RMSD 

relative to all the other members of the same cluster. 

The algorithm generates representative structures, centroid structures, of 

scoulerine poses in the colchicine binding site throughout the 77 ns simulation. The 
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trajectory frames were partitioned into clusters A, B, and C (Figure 8-6). Cluster B of 

the graph indicates more than 50 percent of occupancy during the simulation. In Figure 

8-7A, the post of the representative structure of dominant cluster B was displayed with 

the pose of colchicine’s crystal structure (Figure 8-7D) of 5NM5 structure. The 

representative structure (centroid) for each cluster was extracted and displayed in 

(Figure 8-7C). 

 

Figure 8-6. Mass-weighted root mean squared deviation (Å) of the binding site of colchicine 

to tubulin, classified according to cluster number, with occupancy indicated. The binding 

site includes scoulerine and residues having atoms within 8 Å of scoulerine. The dark blue 

part of the graph illustrates the equilibration.  
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Figure 8-7. (A) Representative structures of scoulerine in cluster B (purple) versus colchicine 

(yellow) (B) 2D- interaction scheme of scoulerine in colchicine binding site. (C) 

Representative structures of cluster A (red), cluster B (purple) and cluster C (dark pink) in 

colchicine binding site, α tubulin colored in teal and βI tubulin colored in light pink. (D) 

Colchicine (yellow) in colchicine binding site, α tubulin colored in teal and βI tubulin colored 

in light pink. (E) surface patches identifying regions of hydrophobicity (yellow) around 

scoulerine, residues Leu255, Val318, and Ile378 of β tubulin that involve in hydrophobic 

interaction colored in teal. 

 

 

. 
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 As displayed in Figure 8-7C, the sulfur atom of Cysβ239 still has a hydrogen 

acceptor with scoulerine (A2). As predicted before, the backbone nitrogen of Leuβ250 

now is sufficiently close to make a hydrogen binding with scoulerine (A3). Hydrophobic 

interactions between scoulerine (H2) with side chains of Leu255, Val318, and Ile378 

still occurred as illustrated in Figure 8-7E. The hydrogen bond donor D1 

pharmacophoric point of colchicine binding site inhibitors did not appear in the 

interaction diagram of blindly docked scoulerine to α and β tubulin. D1 interacts with 

the backbone oxygen of Thrα177. However, the interaction diagram of the most 

dominant representative structure of scoulerine docked to colchicine binding site of 

human α and βI tubulin over 77 ns of MD simulation shows Thrα177 near enough to the 

ligand to demonstrate weak electrostatic interaction. 

 

8.2.6 Laulimalide sites on β tubulin 

 Laulimalide is a novel microtubule stabilizer that binds between two 

protofilaments of a microtubule, which has been in the spotlight because of its unique 

mode of action. Despite computational studies which attempted to identify the 

laulimalide binding site, the first crystal structure of laulimalide bound to tubulin was 

captured by X-ray diffraction in 2014. The binding pocket is formed by residues Gln293, 

Phe296, Pro307, Arg308, Tyr312, Val335, Asn339, Tyr342, Ser298, Asp297, and 

Phe343 of tubulin (Figure 8-8). Gln293, Ser298, Asp297, and Asn339 are the residues 

that form hydrogen bonds with laulimalide [22,25,26].  

Computational studies on the mode of action of laulimalide discovered Gln293, 

Phe296, and Asn 339 residues of β tubulin as the most stabilizing residues [22,25,26]. 

The computational analyses also showed that Lys122, Glu125, Ser126, and Arg121 

residues of β tubulin of adjacent protofilament bind to laulimalide but they have smaller 

stabilizing contribution [22,25,26].  
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Figure 8-8. Laulimalide in the laulimalide binding site of β tubulin (green) in 4O4H PDB 

file. Residues in blue have hydrogen bonding interaction with laulimalide (purple).  

 

Similar to colchicine binding pocket, laulimalide is not the only inhibitor that 

binds to laulimalide binding sites. Peloruside (4O4L PDB) is another drug that binds to 

the laulimalide binding site of β tubulin and has been identified by X-ray diffraction. 

The binding mode of peloruside and laulimalide to tubulin is similar. In this case, 

Ser298, Asp297, Arg308, Gln293, and Tyr312 residues of tubulin formed hydrogen 

bonds with peloruside. Gln293, Ser298, and Asp297 residues are special since they make 

hydrogen bonding with both of the inhibitors, i.e., laulimalide and peloruside [26].  

 

8.2.7 Potential scoulerine binding site (S2) 

 Based on blind docking results, the O37 of the hydroxyl group of scoulerine in 

the binding site S2, similar to laulimalide and peloruside, makes hydrogen-donor bonds 

with the side chains of Gln293 (Figure 8-9A). Asp297 of the laulimalide binding pocket 
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also forms hydrogen bonds with laulimalide and peloruside. However, in the interaction 

of scoulerine with the residues of the S2 site, Asp297 shows an electrostatic interaction 

instead. Pro307, Arg308, Val335, Lys338, Phe296, and Asn339 are other interactive 

residues of the S2 site that are held in common with the residues of the laulimalide 

binding site. In Figure 8-9B, a two-dimensional interaction scheme of superimposed 

laulimalide crystal structure from 4O4H PDB file (green) on scoulerine in the S2 site 

(red) illustrates the pose of scoulerine in comparison with the pose of laulimalide. The 

computational analyses also showed that Lys122, Glu125, Ser126, and Arg121 residues 

of β tubulin of the adjacent protofilament bind to laulimalide but they have a smaller 

stabilizing contribution. 

The S3 site primarily appears by blind docking of scoulerine to 1SA0 PDB 

structure and did not show any compatibility with available binding sites of β tubulin by 

crystallography (Figure 8-9C). The residues of the S3 site, Arg123, Lys124, Glu127, and 

Ser128, are very similar to the residues of the second binding site of laulimalide on β 

tubulin of the adjacent protofilament, namely Lys122, Glu125, Ser126, and Arg121. 
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Figure 8-9. (A) 2D-interaction scheme of scoulerine in the S2 site via blind docking. (B) 2D-

interaction scheme of superimposed laulimalide crystal structure from 4O4H PDB file 

(green) on scoulerine (red) in the S2 site. (C) 2D- interaction scheme of scoulerine in the S3 

site via blind docking. 

 

8.2.8 Conformational analysis 

RMSD analysis on scoulerine bound between protofilament (laulimalide binding 

sites) 

 Homology model of human α and βІ tubulins was performed based on 4O4H 

crystal structure combined with the 2XRP crystal structure to arrange two adjacent 
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protofilament. The scoulerine pose was taken from the docked scoulerine to laulimalide 

binding site on 4O4H [26]. 

Molecular dynamics simulation of the system was performed for 160 ns. The 

RMSD values of scoulerine to the backbone of the laulimalide binding site were 

calculated during the simulation (Figure 8-10). In order to assess the system’s 

equilibration, the plot of total energies of the system versus time was graphed and 

compared to the RMSD plot. The system appeared to be equilibrated after 10 ns but 

since substantial structural equilibration (45 ns) is necessary to stabilize the lateral 

contacts between tubulin heterodimers, production data were collected for 115 ns after 

equilibration. The RMSD value of 3.1 to 3.3 Å for 115 ns of simulation verified that the 

interactions between scoulerine and residues of the scoulerine binding site are strong 

enough to keep the ligand close to the binding pocket. 

 

 

Figure 8-10. RMSD of scoulerine to the laulimalide binding site (S1-1SA0). 
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Clustering Analysis 

The same as for the colchicine binding site, clustering analysis was also conducted for 

the frames of the last 115 ns of the simulation to show the stability of the system to keep 

the ligand in the binding pocket. The mass-weighted RMSD of the binding-site atoms 

throughout the trajectory frames of 115 ns were classified after equilibration to two 

clusters. To be specific, the binding-site atoms include scoulerine and residues having 

atoms within 8 Å of scoulerine, while water and ions are excluded. The algorithm also 

generates two representative structures of scoulerine poses in the laulimalide binding 

sites between the protofilament for each of the clusters (Figure 8-11). Cluster A of the 

graph indicates more than 67 percent of occupancy during the simulation.  

Figure 8-11. Mass-weighted root mean squared deviation (Å) of the binding sites of 

laulimalide to tubulin, classified according to cluster number, with occupancy indicated. The 

binding site includes scoulerine and residues having atoms within 8 Å of scoulerine. The 

purple part of the graph illustrates the equilibration. 

 

Representative structures of scoulerine between αA βA and αB βB tubulins of two 

adjacent protofilaments are displayed in Figure 8-12C. Representative structures for 

cluster A are shown in purple and in dark pink for cluster B.  
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In Figure 8-12A, the representative structure of dominant cluster A was 

displayed with superimposed laulimalide of the 4O4H crystal structure. The residues of 

laulimalide’s binding pocket of βB tubulin are highlighted in light green. The 

computational study illustrated the residues of the second binding site of laulimalide on 

the adjacent βA tubulin and they are coloured dark green in Figure 8-12A [22]. The 2D 

interaction scheme of the most dominant representative structure of the system shows 

that scoulerine can also bind between β tubulins of two adjacent protofilaments (Figure 

8-12B). The hydrogen acceptor between the nitrogen of the scoulerine and Gln293 of βB 

tubulin and the π-hydrogen interaction between a ring of scoulerine and Ser125 of βA 

tubulin, are the two most important binding interactions between scoulerine and residues 

of the laulimalide binding pockets. Gln293, Phe296, and Asn339 residues of β tubulin 

are the most important stabilizer residues in the binding interaction between laulimalides 

and residues of its binding sites. The involvement of all three residues in the interaction 

scheme of scoulerine with laulimalide binding sites [22,25] raised the possibility that 

scoulerine might be a new inhibitor to bind between microtubules. Val335 and Phe296 

residues of laulimalide binding site also showed weak electrostatic interaction with 

scoulerine. As shown in Figure 8-12A, scoulerine has smaller-scale structure compared 

to laulimalide. Thus, the new drug shifted from the first binding pocket of laulimalide 

on βB tubulin, the crystal structure of laulimalide binding site 4O4H PDB, toward the 

second one on βA tubulin to be able to bind to both binding sites. Lys122, Glu125, and 

Ser126 are the most important residues on laulimalide binding pocket on βA tubulin 

[22,25] which also interact with scoulerine (Figure 8-12A and B). 
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Figure 8-12. (A) 3D-interaction scheme of scoulerine (blue) and superimposed laulimalide 

crystal structure from 4O4H PDB file (purple) between microtubules. Residues in light green 

are in laulimalides’s site on βA tubulin and residues in dark green are in laulimalides’s site 

on βB tubulin. (B) 2D-interaction scheme of Scoulerine in laulimalide binding sites on βA 

tubulin and βB tubulin. (C) Representative structures of cluster A (purple) and cluster B 

(pink) in laulimalide binding sites. αA and αB tubulins colored in light and dark pink and βA 

and βB tubulins colored in light and dark green respectively. 

 

Experimental validation 

 Based on the computational prediction, scoulerine potentially should be able to 

bind to both colchicine and laulimalide binding sites. However, based on docking 

results, the binding affinities might not be as strong as for colchicine or laulimalide. 

 To evaluate the predictions, the dissociation constant of scoulerine bound to free 

α and  tubulin dimers and microtubules were measured by the microscale 

thermophoresis method. The Kd values of 35.9 × 10-6 M and 431 × 10-6 M were reported 
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for scoulerine bound to labelled free  and  tubulin dimers and labelled microtubules, 

respectively (Figure 8-13A) 

The range of values for the reported dissociation constants confirms the 

computational results and indicates that scoulerine can bind to both free tubulin dimers 

and microtubules. Consequently, it has a dual mechanism of action. 

The dissociation constant, Kd, of the well-studied colchicine bound to free  and 

β tubulin dimers were also measured to use as a reference. The Kd value of 67.6 × 10-6 

M shows that colchicine’s binding affinity is stronger than that of the scoulerine in the 

interaction with tubulin dimers (Figure 8-13B). The binding affinities calculated via 

docking were reported to be -9.32, -7.96, and -6.87 kcal/mol for colchicine and 

scoulerine in colchicine and laulimalide binding sites, respectively (Table 8-1). 

Unfortunately, due to extreme difficulty in obtaining samples of laulimalide, we have 

not been able to test its binding affinity for tubulin in microtubules in this assay but it 

has been reported elsewhere [27]. The range of values of binding affinities agrees with 

dissociation constant values. 
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Figure 8-13. (A) Kd values for scoulerin bound to labelled α and β tubulin (colchicine binding 

site) and microtubule (laulimalide binding site) obtained by microscale thermophoresis. (B) 

Kd value of colchicine bound to labelled α and β tubulin (colchicine binding site)  used as a 

control. 

 

8.3 Conclusions  

Scoulerine is a natural drug in the family of isoquinoline alkaloids that can be 

extracted from Croton flavens [28], Corydalis dubia [29], and Corydalis cava [10,30]. 

New research on scoulerine has revealed a range of effects, including anti-proliferative 

and pro-apoptotic properties, as well as antimitotic activity that disrupts microtubules 

[5,6]. The listed properties of scoulerine make it a possible candidate for use in cancer 
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treatment. However, the mode of action of the scoulerine is still unclear to date. The 

present work attempted to predict the mechanism of action of this new chemotherapeutic 

agent by computational approach. A combination of blind docking and molecular 

dynamics provides a useful approach to acquire new, detailed information about the 

interactions between scoulerine and  tubulin within a microtubule. Three potential 

binding sites were found on  tubulin of a microtubule via the blind docking method. 

With the help of the RMSD between the crystallographic structure of inhibitors of  

tubulin and the docked ligand conformations, three possible binding sites have been 

discovered and labelled S1,S2, and S3 (Figure 8-2). The residues of the discovered S1 

binding site on  tubulin are mostly the same as the colchicine binding pocket. 

Laulimalide is a unique stabilizer of the microtubule that can bind to  tubulins 

of adjacent protofilament [22]. The residues of estimated S2 and S3 binding sites of  

tubulins have similarities with the laulimalide binding site on  tubulins of adjacent 

protofilament. Two improved models of scoulerine binding to  tubulin heterodimers 

were designed and investigated by molecular dynamics simulations. The first one 

consists of scoulerine located between  and  tubulins in the crystallographic 

colchicine binding sites based on 1SA0 PDB. In the second one, scoulerine is placed 

between two adjacent  heterodimers and bound to a crystallographic laulimalide 

binding site based on 4O4H PDB. The cluster analyses were calculated for both of the 

systems. The structures of the smallest RMSD of each of the clusters were also 

presented. The 3D interaction scheme of the representative structure of the highest 

cluster for both systems is also displayed. The results showed scoulerine can bind 

between both  and  tubulin of a heterodimer. It can also bind between  tubulins of 

two adjacent heterodimers. The mentioned prediction was put to the test by measuring 

the dissociation constant between scoulerine bound to labelled free and tubulin dimers 

and labelled microtubules. The Kd values of 35.9 × 10-6 M and 431 × 10-6 M were 

reported for scoulerine bound to labelled free  and  tubulin dimers and labelled 



 

 

256 

 

microtubules. The similarity between the values of the Kd for both systems confirmed 

the computational estimations and illustrated that scoulerine might have a dual 

mechanism of action both as microtubule stabilizer in the laulimalide binding sites and 

an inhibitor of microtubule polymerization which binds in the colchicine binding site. 

This places scoulerine in a unique category of tubulin-binding agents. 
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9.1 Conclusion 

The main goal of this thesis was to use computational approaches to identify a 

suitable substitute for colchicine that is as effective as the inhibitor, while having lower 

cytotoxicity and less antimitotic effect on healthy cells. Toward fulfilling this goal, the 

free binding energies of various libraries of colchicine derivatives and their effect on β 

tubulin were investigated. Computational studies on colchicine derivatives included as 

follows: 

1. Molecular docking studies on a set of novel double- and triple-modified colchicine 

derivatives including 7-deacetyl-10-thiocolchicine and 4-iodo-7-deacetyl-10-

thiocolchicine analogues in the colchicine-binding site. This study led to 

identification of derivatives with stronger β-binding energies with β-tubulin. These 

results, combined with in vitro studies, showed that this set of colchicine analogues 

constitute promising lead compounds as chemotherapy agents against several types 

of cancer such as A549, MCF-7, LoVo, and LoVo/DX. 

2. Computational studies on three double-modified colchicine derivatives, where 

colchicine structure was chemically modified in C-4 and C-10 positions. Docking 

methods were used to calculate the binding affinities of these colchicine derivatives 

against eight different isotypes of human β-tubulin. Moreover, the computational 

data were compared by IC50 values of the mentioned compounds against the A549, 

MCF-7, LoVo, and LoVo/DX cancer cell lines. 

3. The mode of binding of a series of novel triple‐modified 4‐chloro‐7‐

carbamatethiocolchicines to β‐tubulin was evaluated in silico by docking study. The 

results were compared with experimental data against four human tumour cell lines 

(A549, MCF-7, LoVo, and LoVo/DX). To consider permeability and solubility of 

the ligands, the Moriguchi octanol‐water partition coefficients (MLogP) of novel 

derivatives were calculated. Good regression coefficients between experimental and 

computational data were found for LoVo/DX and A549 cancer cell lines. 
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4. In a following study (addressed in chapter 5), a series of novel triple-modified 

colchicine derivatives were investigated. The mode of binding of the synthesized 

compounds was evaluated in silico using molecular docking to a 3D structure of β-

tubulin based on crystallographic data from the Protein Data Bank and homology 

methodology. Binding free energy estimates, binding poses, and MlogP values of 

the compounds were obtained. These studies were conducted against four human 

tumour cell lines (A549, MCF-7, LoVo, and LoVo/DX), and resulted in a very good 

correlation of 0.66 and 0.84 involving log IC50 for LoVo and LoVo/DX cell lines, 

respectively. 

5. A group of thiocolchicine derivatives have been obtained in a simple reaction of 7-

deacetyl-10-thiocolchicine 3 with eleven different alcohols in the presence of 

triphosgene. The mentioned derivatives were modified at the B ring. Their 

mechanism has been confirmed as colchicine binding site inhibition (CBSI) using 

molecular docking. Molecular simulations provided rational tubulin-binding models 

for the tested compounds.  

As mentioned above, large libraries of colchicine derivatives were studied 

computationally as part of the scope of this thesis, and experimentally with a Polish 

collaborating group. In this thesis, using linear regression and the R2 method, the 

experimental and computational results were compared to have a more comprehensive 

understanding of the derivatives that might be used as lead compounds. Nonetheless, 

there was another modified large library that was unable to make experimental 

assessments due to the complexity of synthesis.  

Furthermore, due to the lack of IC50 values, it was not possible to estimate the 

relationship between experimental data and computational data. In order to solve the 

problem, the seventh chapter reports the generation of 3D QSAR models with the ability 

to predict IC50 values for 70 novel colchicine derivatives against two commonly-used 

breast and lung cancer lines, namely MCF7 and A549. The chemical structure of 50 new 

compounds was used as input data along with their corresponding in vitro activity values 
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(IC50 values) to build two models for the aforementioned cell lines. A method based on 

Kohonen maps was applied to split the input data into training and test sets. 15 

independent compounds were subsequently used as an external independent validation 

set. The binding and electrostatic energies between the mentioned library of derivatives 

and βII tubulin were estimated by docking and then used as two novel descriptors, along 

with two conventional ones, namely polarizability and sum of absolute values of Hückel 

pi atomic charges on O atoms. A widely used Artificial Neural Network was deployed 

to generate our models. Based on the calculations and analysis presented in this chapter, 

our two finalized QSAR models for both A549 and MCF7 cancer cell lines, not only 

showed good performance on the test set, assessed through the high value of q2 and R2, 

but also show predictive ability and good generalization on the independent validation 

set of compounds. 

In commitment to expand the library of novel compounds that can potentially be 

a good lead for discovery of a new chemotherapeutic agent, the mode of action of 

scoulerine was studied in the eighth chapter. Scoulerine is a natural compound that is 

known to bind to tubulin and has anti-mitotic properties demonstrated in various cancer 

cells. Its molecular mode of action has not been precisely known. In this work we 

perform computational prediction and experimental validation of the mode of action of 

scoulerine. Based on the existing data in the Protein Data Bank (PDB) and using 

homology modeling we create human tubulin structures corresponding to both free 

tubulin dimers and tubulin in a microtubule. We then perform docking of the optimized 

structure of scoulerine and find the highest affinity binding sites located in both the free 

tubulin and in a microtubule. We conclude that binding in the vicinity of the colchicine 

binding site and near the laulimalide binding site are the most likely locations for 

scoulerine interacting with tubulin. Thermophoresis assays using scoulerine and tubulin 

in both free and polymerized form confirm these computational predictions. We 

conclude that scoulerine exhibits a unique property of a dual mode of action with both 
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microtubule stabilization and tubulin polymerization inhibition, both of which have 

similar affinity values. 

 

9.2 Future work 

With the results of analysis on currently built QSAR models, the applicability 

domain of the QSAR models can be improved by adding more input compounds, 

specifically more colchicine derivatives with high IC50 values. The models can be tested 

against more external libraries to evaluate the accuracy and robustness of their 

prediction. The variety of different β isotypes is diverse in cancer cell lines. With the 

use of binding energies between βII tubulin and colchicine derivatives as a descriptor, 

two QSAR models were built for MCF7 (breast cancer) cell lines and A549 (lung cancer 

cell lines). βIVa and βIVb isotypes are dominant in LoVo (colon cancer) cell lines. 

Based on the mentioned knowledge, an attempt to build a QSAR model for the LoVo 

cancer cell line with binding energies between βIVa or βIVb tubulin and colchicine 

derivatives as a descriptor is a good strategy for future work. 

For the last chapter, With the knowledge of the multi-modal activity, the modification 

of the scoulerine can lead to synthesizing the scoulerine derivatives that are as effective 

as currently used chemotherapeutic agents. The scoulerine has two hydroxyl groups that 

can be substituted with more active functional groups. 
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Appendix A.  

Supplementary material for chapter 2 

 
Chemical formula of 2: C22H25NO5S, MW = 415.5 g/mol 

1H-NMR (403 MHz, CDCl3 ) δ 7.92 (s, 1H), 7.46 (s, 1H), 7.33 (d, J = 10.4 Hz, 1H), 

7.10 (d, J = 10.5 Hz, 1H), 6.55 (s, 1H), 4.72–4.64 (m, 1H), 3.95 (s, 3H), 3.91 (s, 3H), 

3.67 (s, 3H), 2.54 (dd, J = 13.0, 5.8 Hz, 1H), 2.45 (s, J = 5.7 Hz, 3H), 2.43–2.26 (m, 2H), 

1.99 (s, 3H), 1.94 (dd, J = 11.8, 5.5 Hz, 1H) ppm.13C-NMR (101 MHz, CDCl3 ) δ 182.4, 

170.0, 158.1, 153.6, 151.8, 151.1, 141.6, 138.6, 134.8, 134.4, 128.3,126.7, 125.6, 107.3, 

61.6, 61.4, 56.1, 52.3, 36.4, 29.9, 22.8, 15.1 ppm. FT-IR (KBr pellet): 3283, 2935, 1660, 

1605, 1541, 1485, 1461, 1425, 1404, 1349, 1321, 1286, 1236, 1195, 1155, 1138, 1095, 

1023 cm−1. ESI-MS (m/z): [M + H]+ calcd. 416, found 416, [M + Na]+ calcd. 438, 

found 438, [M + K]+ calcd. 454 found 454, [2M + Na]+ calcd. 853, found 853, [3M + 

Na]+ calcd. 1268, found 1268. 

 
Chemical formula of 3: C20H23NO4S, MW = 373.5 g/mol. 

13C NMR (101 MHz, CDCl3) δ 182.5, 157.8, 153.7, 153.4, 150.6, 141.1, 138.1, 135.2, 

134.1, 129.3, 125.9, 125.4, 106.9, 61.1, 61.0, 56.0, 53.6, 40.2, 30.5, 15.1 ppm.1H NMR 

(403 MHz, CDCl3) δ 7.58 (s, 1H), 7.19 (d, J = 10.3 Hz, 1H), 7.03 (d, J = 10.7 Hz, 1H), 

6.54 (s, 1H), 3.91 (s, 3H), 3.91 (s, 3H), 3.75 – 3.69 (m, 1H), 3.66 (s, 3H), 2.52 – 2.26 

(m, 6H), 1.65 – 1.57 (m, 3H) ppm. FT-IR (KBr pellet): 3365, 3293, 2931, 2852, 2838, 

1603, 1546, 1485, 1458, 1422, 1402, 1347, 1318, 1138, 1094, 1017 cm−1. ESI-MS 

(m/z): [M+H]+ calcd 374, found 374. 
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Chemical formula of 4: C23H27NO6S, MW = 445.5 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.26 (d, J = 10.3 Hz, 1H), 7.18 (s, 1H), 7.09 (d, J = 7.5 

Hz, 1H), 7.02 (d, J = 10.6 Hz, 1H), 6.52 (s, 1H), 4.65 (dt, J = 11.8, 6.9 Hz, 1H), 3.92 (s, 

3H), 3.88 (s, 3H), 3.83 (d, J = 4.3 Hz, 2H), 3.63 (s, 3H), 3.41 (s, 3H), 2.59 – 2.51 (m, 

1H), 2.48 – 2.37 (m, 4H), 2.22 (tt, J = 13.0, 6.6 Hz, 1H), 1.88 (ddd, J = 11.9, 8.9, 5.8 Hz, 

1H) ppm. 13C NMR (101 MHz, CDCl3) δ 182.3, 167.0, 158.2, 153.5, 151.2, 150.0, 

141.6, 137.7, 134.4, 134.1, 128.5, 126.1, 125.6, 107.3, 71.6, 61.4, 61.3, 59.1, 56.0, 51.2, 

36.8, 29.8, 15.1 ppm. FT-IR: 3287, 2937, 1672, 1607, 1552, 1486, 1462, 1426, 1403, 

1350, 1323, 1287, 1264, 1236, 1195, 1154, 1138, 1096, 1022 cm-1. ESI-MS (m/z): 

[M+Na]+ calcd 468, found 468. 

 

 
Chemical formula of 5: C24H28ClNO5S, MW = 478.0 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.55 (d, J = 7.4 Hz, 1H), 7.45 (s, 1H), 7.34 – 7.29 (m, 

1H), 7.08 (d, J = 10.8 Hz, 1H), 6.53 (s, 1H), 4.70 (dt, J = 11.8, 6.9 Hz, 1H), 3.94 (s, 3H), 

3.90 (s, 3H), 3.66 (s, 3H), 3.51 (td, J = 6.6, 1.1 Hz, 2H), 2.55 – 2.47 (m, 1H), 2.45 – 2.33 

(m, 6H), 2.26 (dt, J = 18.6, 6.3 Hz, 1H), 2.08 – 1.99 (m, 2H), 1.94 – 1.86 (m, 1H) ppm. 

13C NMR (101 MHz, CDCl3) δ 182.4, 171.5, 158.2, 153.6, 151.5, 151.1, 141.6, 138.4, 

134.7, 134.3, 128.6, 126.6, 125.6, 107.3, 61.6, 61.4, 56.1, 51.9, 44.4, 36.8, 33.0, 30.0, 

28.1, 15.12 ppm. FT-IR: 3273, 2937, 1669, 1604, 1531, 1486, 1461, 1428, 1403, 1368, 

1346, 1320, 1282, 1234, 1194, 1156, 1138, 1092, 1020 cm-1. ESI-MS (m/z): [M+Na]+ 

calcd 500, found 500. 
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Chemical formula of 6: C27H27NO5S, MW = 477.6 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.83 – 7.79 (m, 2H), 7.68 (d, J = 7.3 Hz, 1H), 7.49 (s, 

1H), 7.40 – 7.28 (m, 4H), 7.08 (d, J = 10.8 Hz, 1H), 6.56 (s, 1H), 4.91 (dt, J = 11.7, 6.8 

Hz, 1H), 3.96 (s, 3H), 3.91 (s, 3H), 3.74 (s, 3H), 2.57 (dd, J = 13.3, 5.9 Hz, 1H), 2.50 – 

2.40 (m, 4H), 2.35 (td, J = 12.4, 6.2 Hz, 1H), 2.07 (td, J = 11.7, 5.4 Hz, 1H) ppm. 13C 

NMR (101 MHz, CDCl3) δ 182.2, 166.8, 158.2, 153.6, 151.2, 141.6, 138.3, 134.6, 

134.4, 133.5, 131.5, 128.7, 128.4, 127.1, 126.4, 125.7, 107.3, 61.7, 61.4, 56.1, 52.5, 

36.6, 30.0, 15.1 ppm. FT-IR: 3334, 2937, 1658, 1605, 1545, 1528, 1485, 1461, 1424, 

1404, 1350, 1322, 1287, 1235, 1195, 1154, 1137, 1095, 1020 cm-1. ESI-MS (m/z): 

[M+H]+ calcd 478, found 478, [M+Na]+ calcd 500, found 500. 

 

 
Chemical formula of 7: C23H27NO5S, MW = 429.5 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.39 (s, 1H), 7.30 (d, J = 10.3 Hz, 1H), 7.07 (d, J = 10.6 

Hz, 1H), 6.52 (s, J = 4.6 Hz, 1H), 4.67 (dt, J = 11.8, 6.7 Hz, 1H), 3.93 (s, 3H), 3.89 (s, 

3H), 3.66 (s, 3H), 2.51 (dd, J = 13.3, 6.2 Hz, 1H), 2.45 – 2.33 (m, 4H), 2.30 – 2.22 (m, 

3H), 1.95 – 1.84 (m, 1H), 1.09 (t, J = 7.6 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) 

δ 182.4, 173.6, 158.1, 153.5, 151.6, 151.1, 141.6, 138.4, 134.6, 134.4, 128.4, 126.6, 

125.7, 107.3, 61.7, 61.3, 56.1, 51.9, 36.6, 29.9, 29.2, 15.1, 9.5 ppm. FT-IR: 3303, 2937, 

1660, 1607, 1543, 1486, 1462, 1425, 1404, 1349, 1321, 1283, 1235, 1196, 1154, 1138, 

1096, 1022 cm-1. ESI-MS (m/z): [M+H]+ calcd 430, found 430, [M+Na]+ calcd 552, 

found 552 [M+K]+ calcd 468, found 468. 
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Chemical formula of 8: C24H29NO5S, MW = 443.6 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.45 (s, 1H), 7.41 (d, J = 7.6 Hz, 1H), 7.32 – 7.28 (m, 

1H), 7.06 (d, J = 10.8 Hz, 1H), 6.52 (s, 1H), 4.69 (dt, J = 11.8, 7.0 Hz, 1H), 3.93 (s, 3H), 

3.89 (s, 3H), 3.67 (s, 3H), 2.51 (dt, J = 13.5, 6.8 Hz, 2H), 2.44 – 2.32 (m, 4H), 2.25 (dt, 

J = 18.6, 6.3 Hz, 1H), 1.89 (td, J = 11.8, 6.1 Hz, 1H), 1.12 (dd, J = 6.9, 4.0 Hz, 6H). 13C 

NMR (101 MHz, CDCl3) δ 182.3, 176.8, 158.0, 153.5, 151.7, 151.2, 141.6, 138.4, 

134.5, 134.4, 128.6, 126.5, 125.7, 107.3, 61.7, 61.3, 56.1, 51.5, 36.7, 35.2, 30.0, 19.5, 

19.5, 15.1 ppm. FT-IR: 3312, 2968, 2935, 1669, 1607, 1544, 1486, 1461, 1425, 1404, 

1349, 1322, 1283, 1235, 1196, 1154, 1137, 1096, 1021 cm-1. ESI-MS (m/z): [M+Na]+ 

calcd 466, found 466. 

 

 

Chemical formula of 9: C30H41NO5S, MW = 

527.7 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.56 (d, J = 

7.4 Hz, 1H), 7.45 (s, 1H), 7.31 (d, J = 10.4 

Hz, 1H), 7.08 (d, J = 10.8 Hz, 1H), 6.54 (s, 

1H), 4.71 (dt, J = 11.8, 6.9 Hz, 1H), 3.95 (s, 

3H), 3.91 (s, 3H), 3.67 (s, 3H), 2.52 (dd, J 

= 13.3, 6.1 Hz, 1H), 2.46 – 2.34 (m, 4H), 2.30 – 2.21 (m, 3H), 1.89 (td, J = 11.9, 6.2 Hz, 

1H), 1.58 (dd, J = 14.6, 7.2 Hz, 2H), 1.30 – 1.19 (m, 12H), 0.86 (t, J = 6.9 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 182.3, 173.0, 158.0, 153.5, 151.7, 151.1, 141.5, 138.4, 

134.6, 134.4, 128.6, 126.5, 125.7, 107.3, 61.6, 61.3, 56.0, 51.8, 36.6, 36.3, 31.8, 30.0, 

29.3, 29.3, 29.2, 29.2, 25.5, 22.6, 15.1, 14.0 ppm. FT-IR: 3298, 2927, 2853, 1655, 1607, 

1543, 1485, 1461, 1425, 1404, 1348, 1321, 1282, 1235, 1195, 1154, 1137, 1097, 1022 

cm-1. ESI-MS (m/z): [M+Na]+ calcd 550, found 550. 
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Chemical formula of 10: C25H32N2O5S, MW = 472.6 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.48 (s, 1H), 7.26 (d, J = 10.4 Hz, 1H), 7.03 – 6.99 (d, J 

= 10.8 Hz, 1H), 6.50 (s, 1H), 5.90 (d, J = 7.1 Hz, 1H), 4.66 (dt, J = 11.7, 6.7 Hz, 1H), 

3.91 (s, 3H), 3.87 (s, 3H), 3.67 (s, 3H), 3.32 – 3.25 (m, 4H), 2.48 (dd, J = 13.3, 5.7 Hz, 

1H), 2.41 – 2.20 (m, 5H), 1.97 – 1.86 (m, 1H), 1.11 (t, J = 7.1 Hz, 6H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 182.2, 157.8, 156.0, 153.3, 152.6, 151.1, 141.5, 138.4, 134.6, 

134.3, 129.2, 126.2, 125.8, 107.2, 61.7, 61.3, 56.0, 53.1, 40.9, 37.2, 30.2, 15.0, 13.9 

ppm. FT-IR: 3372, 2970, 2935, 1641, 1607, 1550, 1523, 1486, 1460, 1425, 1404, 1349, 

1322, 1282, 1269, 1236, 1195, 1152, 1138, 1096, 1021 cm-1. ESI-MS (m/z): [M+H]+ 

calcd 473, found 473, [M+Na]+ calcd 495, found 495, [M+K]+ calcd 511, found 511. 

 

 
Chemical formula of 11: C22H24INO6, MW = 525.3 g/mol 

1H NMR (403 MHz, CDCl3) δ 8.22 (d, J = 5.6 Hz, 1H), 7.61 (s, 1H), 7.30 (d, J = 10.7 

Hz, 1H), 6.89 (d, J = 11.2 Hz, 1H), 4.55 – 4.47 (m, 1H), 4.04 (s, 3H), 3.97 (s, 3H), 3.95 

(s, 3H), 3.63 (s, 3H), 3.21 – 3.15 (m, 1H), 2.40 (dd, J = 12.7, 5.0 Hz, 1H), 1.99 (s, 3H), 

1.87 – 1.81 (m, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 179.5, 170.2, 164.4, 153.4, 

152.0, 151.4, 145.6, 136.7, 136.2, 135.6, 130.1, 129.5, 112.5, 92.1, 61.5, 61.3, 60.7, 

56.5, 52.6, 34.4, 34.4, 22.7 ppm. FT-IR (KBr pellet): 3274, 2934, 1662, 1617, 1588, 

1563, 1461, 1406, 1393, 1346, 1318, 1266, 1249, 1171, 1136, 1078, 1015 cm-1. ESI-

MS (m/z): [M+H]+ calcd 526, found 526 [M+Na]+ calcd 548, found 548. 
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Chemical formula of 12: C22H24INO5S, MW = 541.4 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.75 (d, J = 6.9 Hz, 1H), 7.42 (s, 1H), 7.25 (d, J = 10.3 

Hz, 1H), 7.09 (d, J = 10.8 Hz, 1H), 4.58 – 4.50 (m, 1H), 3.97 (s, 3H), 3.95 (s, 3H), 3.63 

(s, 3H), 3.18 (dd, J = 13.7, 5.0 Hz, 1H), 2.46 (s, 3H), 2.40 (dd, J = 13.6, 6.2 Hz, 1H), 

2.32 – 2.23 (m, 1H), 2.01 (s, 3H), 1.85 – 1.79 (m, 1H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 182.4, 170.1, 159.1, 153.5, 151.4, 151.1, 145.6, 137.8, 136.8, 134.7, 129.7, 

128.1, 126.3, 92.2, 61.6, 61.4, 60.8, 52.1, 34.5, 34.4, 22.9, 15.2 ppm. FT-IR (KBr pellet): 

3288, 2936, 1660, 1607, 1547, 1461, 1406, 1346, 1318, 1288, 1262, 1197, 1138, 1081, 

1019 cm-1. ESI-MS (m/z): [M+H]+ calcd 542, found 542, [M+Na]+ calcd 564, found 

564, [M+K]+ calcd 580, found 580. 

 

 
Chemical formula of 13: C20H22INO4S, MW = 499.4 g/mol 

1H NMR (403 MHz, cdcl3) δ 7.59 (s, 1H), 7.11 (d, J = 10.3 Hz, 1H), 7.01 (d, J = 10.7 

Hz, 1H), 3.93 (s, 6H), 3.62 (s, 3H), 3.57 (dd, J = 10.8, 6.2 Hz, 1H), 3.15 – 3.08 (m, 1H), 

2.48 – 2.39 (m, 4H), 2.33 – 2.24 (m, 1H), 1.53 – 1.46 (m, 3H) ppm. 13C NMR (101 

MHz, cdcl3) δ 182.5, 158.7, 153.4, 153.1, 150.9, 145.1, 137.7, 137.5, 133.8, 129.5, 

129.2, 125.5, 91.7, 61.2, 61.0, 60.8, 53.4, 38.2, 35.1, 15.1 ppm. FT-IR (KBr pellet): 

3375, 3309, 2932, 1605, 1553, 1460, 1405, 1343, 1313, 1246, 1195, 1136, 1081, 1014 

cm-1. ESI-MS (m/z): [M+H]+ calcd 500, found 500. 
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Chemical formula of 14: C23H26INO6S, MW = 571.4 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.20 (d, J = 7.6 Hz, 1H), 7.19 (s, 1H), 7.16 (d, J = 6.6 

Hz, 1H), 7.03 (d, J = 10.6 Hz, 1H), 4.53 (dt, J = 11.8, 6.9 Hz, 1H), 3.97 (s, 3H), 3.94 (s, 

3H), 3.87 (q, J = 15.0 Hz, 2H), 3.62 (s, 3H), 3.43 (s, 3H), 3.20 (dd, J = 13.9, 5.1 Hz, 1H), 

2.52 – 2.42 (m, 4H), 2.28 – 2.17 (m, 1H), 1.80 (td, J = 12.0, 6.5 Hz, 1H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 182.2, 169.2, 159.2, 153.4, 151.5, 149.4, 145.6, 137.0, 136.6, 

134.3, 129.7, 128.3, 125.7, 92.1, 71.6, 61.4, 61.3, 60.7, 59.1, 51.1, 34.8, 34.4, 15.1 ppm. 

FT-IR: 3339, 2998, 2929, 1674, 1605, 1547, 1516, 1465, 1449, 1425, 1408, 1373, 1347, 

1316, 1292, 1262, 1190, 1156, 1134, 1107, 1081, 1056, 1018 cm-1. ESI-MS (m/z): 

[M+Na]+ calcd 594, found 594. 

 

 
Chemical formula of 15: C24H27ClINO5S, MW = 603.9 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.47 (d, J = 7.3 Hz, 1H), 7.42 (s, 1H), 7.23 (d, J = 10.4 

Hz, 1H), 7.07 (d, J = 10.7 Hz, 1H), 4.57 (dt, J = 11.8, 6.9 Hz, 1H), 3.96 (s, 3H), 3.95 (s, 

3H), 3.63 (s, 3H), 3.53 (t, J = 6.4 Hz, 2H), 3.16 (dd, J = 13.7, 5.0 Hz, 1H), 2.52 – 2.35 

(m, 7H), 2.29 – 2.18 (m, 1H), 2.11 – 2.02 (m, 2H), 1.78 (td, J = 12.0, 5.6 Hz, 1H) ppm. 

13C NMR (101 MHz, CDCl3) δ 182.3, 171.7, 159.2, 153.5, 151.4, 150.8, 145.6, 137.6, 

136.7, 134.7, 129.6, 128.4, 126.2, 92.2, 61.6, 61.4, 60.8, 51.7, 44.4, 34.8, 34.5, 33.0, 

28.1, 15.2 ppm. FT-IR: 3301, 2937, 1674, 1607, 1544, 1461, 1406, 1346, 1318, 1283, 

1262, 1244, 1196, 1154, 1137, 1081, 1054, 1019 cm-1. ESI-MS (m/z): [M+Na]+ calcd 

626, found 626. 
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Chemical formula of 16: C27H26INO5S, MW = 603.5 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.93 (d, J = 7.1 Hz, 1H), 7.81 (dt, J = 8.5, 1.7 Hz, 2H), 

7.52 (s, 1H), 7.37 – 7.32 (m, 1H), 7.29 – 7.23 (m, 3H), 7.10 – 7.05 (m, 1H), 4.79 (dt, J 

= 11.8, 6.9 Hz, 1H), 3.98 (s, 3H), 3.95 (s, 3H), 3.71 (s, 3H), 3.20 (dd, J = 13.7, 4.8 Hz, 

1H), 2.52 – 2.42 (m, 4H), 2.31 (dt, J = 17.1, 4.9 Hz, 1H), 2.05 – 1.96 (m, 1H) ppm. 13C 

NMR (101 MHz, CDCl3) δ 182.2, 167.1, 159.2, 153.5, 151.5, 150.9, 145.6, 137.7, 

136.9, 134.6, 133.3, 131.6, 129.8, 128.5, 128.4, 127.1, 126.1, 92.2, 61.7, 61.4, 60.8, 

52.3, 34.7, 34.5, 15.2 ppm. FT-IR: 3323, 3058, 2935, 1659, 1606, 1549, 1487, 1461, 

1406, 1346, 1319, 1289, 1262, 1197, 1152, 1081, 1019 cm-1. ESI-MS (m/z): [M+H]+ 

calcd 604, found 604, [M+Na]+ calcd 626, found 626.  

 

 
Chemical formula of 17: C23H26INO5S, MW = 555.4 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.53 – 7.48 (m, 1H), 7.40 (s, 1H), 7.24 (dd, J = 9.1, 4.0 

Hz, 1H), 7.10 – 7.05 (m, 1H), 4.56 (dt, J = 11.9, 6.8 Hz, 1H), 3.97 (s, 3H), 3.95 (s, 3H), 

3.64 (s, 3H), 3.17 (dd, J = 14.0, 4.6 Hz, 1H), 2.49 – 2.37 (m, 4H), 2.35 – 2.20 (m, 3H), 

1.79 (td, J = 12.0, 5.2 Hz, 1H), 1.11 (dd, J = 9.8, 5.3 Hz, 3H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 182.3, 173.8, 159.1, 153.4, 151.4, 151.0, 145.6, 137.7, 136.8, 134.6, 129.7, 

128.2, 126.2, 92.2, 61.6, 61.4, 60.8, 51.7, 34.6, 34.5, 29.2, 15.2, 9.6 ppm. FT-IR: 3301, 

2938, 1660, 1608, 1567, 1462, 1406, 1346, 1319, 1283, 1262, 1231, 1198, 1138, 1081, 

1019 cm-1. ESI-MS (m/z): [M+H]+ calcd 556, found 556, [M+Na]+ calcd 578, found 

578.  
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Chemical formula of 18: C24H28INO5S, MW = 569.5 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.47 (d, J = 8.3 Hz, 2H), 7.23 (d, J = 10.3 Hz, 1H), 7.06 

(d, J = 10.6 Hz, 1H), 4.58 (dt, J = 11.8, 7.0 Hz, 1H), 3.97 (s, 3H), 3.95 (s, 3H), 3.65 (s, 

3H), 3.16 (dd, J = 13.8, 5.1 Hz, 1H), 2.55 (dt, J = 13.8, 6.9 Hz, 1H), 2.48 – 2.36 (m, 4H), 

2.28 – 2.16 (m, 1H), 1.80 (td, J = 11.9, 5.3 Hz, 1H), 1.16 (dd, J = 6.9, 3.6 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3) δ 182.2, 177.0, 159.0, 153.4, 151.5, 151.1, 145.6, 137.7, 

136.8, 134.5, 129.7, 128.5, 126.1, 92.2, 61.7, 61.3, 60.8, 51.3, 35.2, 34.7, 34.6, 19.5, 

19.4, 15.1 ppm. FT-IR: 3331, 2970, 2935, 1669, 1608, 1552, 1461, 1406, 1345, 1319, 

1284, 1262, 1239, 1198, 1153, 1137, 1081, 1019 cm-1. ESI-MS (m/z): [M+H]+ 

[M+Na]+ calcd 592, found 592. 

 

 

Chemical formula of 19: C30H40INO5S, MW 

= 653.6 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.40 (s, 

1H), 7.23 (d, J = 10.3 Hz, 1H), 7.15 (d, J = 

7.1 Hz, 1H), 7.06 (d, J = 10.8 Hz, 1H), 4.57 

(dt, J = 11.9, 7.0 Hz, 1H), 3.97 (s, 3H), 3.95 

(s, 3H), 3.63 (s, 3H), 3.17 (dd, J = 13.9, 5.0 

Hz, 1H), 2.47 – 2.18 (m, 7H), 1.75 (td, J = 12.0, 5.2 Hz, 1H), 1.60 (td, J = 14.8, 7.3 Hz, 

2H), 1.35 – 1.20 (m, 12H), 0.86 (t, J = 7.2 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) 

δ 182.3, 173.2, 159.1, 153.4, 151.5, 150.9, 145.6, 137.6, 136.7, 134.5, 129.7, 128.3, 

126.2, 92.2, 61.6, 61.3, 60.8, 51.6, 36.4, 34.8, 34.5, 31.8, 29.4, 29.3, 29.3, 29.2, 25.5, 

22.6, 15.1, 14.1 ppm. FT-IR: 3298, 2927, 2856, 1656, 1607, 1547, 1461, 1406, 1346, 

1319, 1283, 1262, 1246, 1198, 1154, 1138, 1081, 1019 cm-1. ESI-MS (m/z): [M+H]+ 

calcd 654, found 654. 
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Chemical formula of 20: C25H31IN2O5S, MW = 598.5 g/mol 

1H NMR (403 MHz, CDCl3) δ 7.48 (s, 1H), 7.21 – 7.17 (m, 1H), 7.03 – 6.99 (m, 1H), 

5.89 – 5.85 (m, 1H), 4.53 (dt, J = 11.7, 6.7 Hz, 1H), 3.94 (s, 3H), 3.92 (s, 3H), 3.64 (s, 

3H), 3.30 (q, J = 7.1 Hz, 4H), 3.12 (dd, J = 13.8, 4.7 Hz, 1H), 2.44 – 2.33 (m, 4H), 2.28 

– 2.18 (m, 1H), 1.81 (td, J = 12.0, 5.3 Hz, 1H), 1.12 (t, J = 7.1 Hz, 6H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 182.2, 158.8, 156.0, 153.2, 152.1, 151.4, 145.5, 137.6, 137.0, 

134.3, 129.9, 128.9, 125.9, 92.1, 61.7, 61.3, 60.7, 52.9, 41.0, 35.2, 34.8, 15.1, 13.9 ppm. 

FT-IR: 3383, 2973, 2935, 1639, 1608, 1553, 1525, 1492, 1460, 1425, 1406, 1344, 1318, 

1284, 1264, 1216, 1183, 1152, 1137, 1080, 1018 cm-1. ESI-MS (m/z): [M+H]+ calcd 

599, found 599, [M+Na]+ calcd 621, found 621. 
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Exemplary NMR specta 

 
Figure A-1. The 13C-NMR spectrum of 6 in CDCl3. 
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Figure A-2. The 1H-NMR spectrum of 6 in CDCl3. 

 
Figure A-3. The 13C-NMR spectrum of 7 in CDCl3. 
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Figure A-4. The 1H-NMR spectrum of 7 in CDCl3. 
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Figure A-5. The 13C-NMR spectrum of 14 in CDCl3. 
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Figure A-6. The 1H-NMR spectrum of 14 in CDCl3. 

 

 
Figure A-7. The 13C-NMR spectrum of 15 in CDCl3.  
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Figure A-8. The 1H-NMR spectrum of 15 in CDCl3. 
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Figure A-9. Sensitivity of primary ALL cells to 1 and its derivatives. Cell viability was assessed 

by MTT assay employing ALL-5 cells. Cells were treated with vehicle (100% viability) or 

increasing concentrations of investigated compounds for 120 h. Results are given as mean ± SD 

(n = 4) and IC50 values are indicated. See Figure 1 for structures. 
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Figure A-10. DNA content of treated cells. ALL-5 (A) or MCF-7 (B) cells were treated 

with 5 x IC50 values of 1, its analogs or 0.1% of DMSO (vehicle) for 24, 48 or 72 h (panel 

A, ALL-5, as indicated) or 72 h (panel B, MCF-7), and subjected to propidium iodide 

staining and flow cytometry, as described in Materials and Methods. The proportion of 

cells in different cell cycle phases or with sub-G1 DNA is indicated numerically and by 

the bars. Data shown are representative of three independent experiments. 
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Table A-1. 2D interaction diagrams for the interactions between βІ tubulin and N-

deacetylthiocolchicine and 4-iodo-N-deacetylthiocolchicine analogues. 
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Table A-2. 3D interaction diagrams for the interactions between βІ tubulin and N-

deacetylthiocolchicine and 4-iodo-N-deacetylthiocolchicine analogues. 

C
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p
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n
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Table A-3. RMSD values of the 20 colchicine derivatives with respect to the X-ray structure 

of colchicine (5NM5). 

Compound RMSD with respect to the 
Colchicine’s X-ray structure 

Colchicine (1)  0.980 

2 0.491 

3 0.407 

4 0.448 

5 5.601 

6 5.222 

7 0.765 

8 4.077 

9 4.588 

10 0.530 

11 4.248 

12 0.874 

13 5.131 

14 4.327 

15 0.946 

16 5.178 

17 0.897 

18 3.557 

19 4.728 

20 0.952 
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Table A-4. A. contact preference map to predict non-bonded contact preferences, the 

preferred locations of hydrophobic and hydrophilic ligand atoms (hyd green, HPL red) and 

electrostatic feature maps that predict the electrostatically preferred locations of hydrophobic 

from the solutions of the Poisson-Boltzmann equation (yellow) B. 2D scheme of ligand-

protein interaction C. The protein-ligand interaction fingerprints (PLIF) based on surface 

contact interactions between each of our derivatives and beta-tubulin (H: hydrophobic 

surface contact Q: charged surface contact and P: partial hydrophobic contact). 

A. contact preference map B. 2D scheme of ligand-protein 
interaction 

C. Protein-ligand 
interaction fingerprints 
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Table A-5. Values of H-bonding, atomic charges, solubility, etc calculated for the colchicine derivatives by ADMET predictors. 

 

 MWt S+logP S+logD S+Peff S+S_pH LogBB N_FrRotB F_SgleB F_TpleB F_AromB T_RDmtr T_Rgrav T_Rgeom T_Radmax T_Rada T_Radb T_Radc 

1 399,447 1,069 1,069 2,759 0,501 -0,952 6 0,516 0 0,419 0,379 3,815 3,7 6,018 8,112 6,263 3,864 

2 415,511 1,734 1,734 3,33 0,076 -0,931 6 0,516 0 0,419 0,379 3,858 3,7 5,966 8,127 6,279 3,879 

3 373,474 1,9 1,262 1,773 0,864 -0,751 4 0,5 0 0,464 0,423 3,601 3,432 5,72 8,23 4,945 3,84 

4 445,538 1,598 1,598 2,518 0,174 -0,89 8 0,545 0 0,394 0,387 4,152 3,992 7,295 8,517 6,886 3,847 

5 478,01 2,932 2,932 3,225 0,025 -0,703 9 0,559 0 0,382 0,406 4,542 4,186 7,771 9,005 7,019 3,848 

6 477,583 3,053 3,053 3,508 0,015 -0,729 6 0,432 0 0,514 0,382 4,435 4,34 7,843 9,49 6,966 3,794 

7 429,538 2,061 2,061 3,529 0,059 -0,864 7 0,531 0 0,406 0,367 3,982 3,828 6,493 8,24 6,638 3,868 

8 443,565 2,432 2,432 3,658 0,045 -0,746 7 0,545 0 0,394 0,355 4,084 3,934 6,296 8,419 6,82 3,849 

9 527,727 5,6 5,6 1,782 0,002 -0,58 14 0,615 0 0,333 0,486 5,586 5,468 11,762 12,508 6,885 3,767 

10 472,607 2,356 2,355 3,319 0,054 -0,901 9 0,571 0 0,371 0,364 4,337 4,194 6,956 9,06 6,968 3,807 

11 525,343 1,756 1,756 2,86 0,29 -0,938 6 0,531 0 0,406 0,367 3,757 3,71 6,628 8,146 6,227 4,025 

12 541,407 2,445 2,445 3,433 0,049 -0,91 6 0,531 0 0,406 0,367 3,818 3,71 6,463 8,161 6,242 4,04 

13 499,37 2,631 1,941 1,767 0,717 -0,706 4 0,517 0 0,448 0,407 3,577 3,447 6,467 8,251 4,966 3,963 

14 571,434 2,259 2,259 2,604 0,112 -0,877 8 0,559 0 0,382 0,375 4,092 3,999 7,762 8,537 6,861 4,002 

15 603,906 3,669 3,669 3,283 0,023 -0,662 9 0,571 0 0,371 0,394 4,465 4,19 8,334 9,01 7,008 3,997 

16 603,479 3,825 3,825 3,637 0,012 -0,689 6 0,447 0 0,5 0,371 4,371 4,346 8,392 9,493 6,965 3,94 

17 555,434 2,786 2,786 3,633 0,04 -0,837 7 0,545 0 0,394 0,355 3,934 3,837 6,913 8,272 6,603 4,027 

18 569,461 3,18 3,18 3,764 0,031 -0,711 7 0,559 0 0,382 0,344 4,033 3,942 6,748 8,445 6,792 4,005 

19 653,624 6,387 6,387 1,921 0,002 -0,522 14 0,625 0 0,325 0,474 5,452 5,463 12,511 12,485 6,903 3,893 

20 598,503 3,004 3,004 3,417 0,044 -0,891 9 0,583 0 0,361 0,353 4,28 4,2 7,471 9,069 6,959 3,958 
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 T_HydroR T_Dipole HBDH HBA HBAo HBAn NPA_MaxQ NPA_Q1 EEM_XFon Pi_MaxQ Pi_Q1 Pi_FPl1 Elephity F_NLP 

1 6,03 1,993 1 7 6 1 0,709 -1,471 1,384 0,245 -0,128 21,016 110,086 0,448 

2 6,046 1,959 1 6 5 1 0,706 -1,802 1,374 0,245 -0,165 22,732 109,319 0,448 

3 5,606 1,546 2 5 4 1 0,417 -0,458 1,432 0,203 -0,111 20,605 99,769 0,393 

4 6,36 2,21 1 7 6 1 0,68 -1,141 1,387 0,248 -0,161 22,74 117,112 0,484 

5 6,557 2,2 1 6 5 1 0,699 -1,307 1,315 0,246 -0,164 22,735 127,442 0,406 

6 6,669 2,073 1 6 5 1 0,622 -1,146 1,345 0,236 -0,165 29,594 125,074 0,382 

7 6,198 1,857 1 6 5 1 0,7 -1,375 1,395 0,246 -0,164 22,736 113,268 0,433 

8 6,307 1,804 1 6 5 1 0,694 -1,179 1,416 0,248 -0,162 22,741 117,409 0,419 

9 7,538 3,84 1 6 5 1 0,689 -0,366 1,48 0,246 -0,164 22,741 140,924 0,351 

10 6,542 2,076 1 7 5 2 0,702 -1,337 1,42 0,23 -0,131 24,522 127,736 0,424 

11 6,086 2,068 1 7 6 1 0,709 -1,517 1,376 0,245 -0,132 23,17 110,704 0,433 

12 6,101 2,023 1 6 5 1 0,706 -1,848 1,366 0,245 -0,17 25,074 109,937 0,433 

13 5,664 1,598 2 5 4 1 0,417 -0,504 1,423 0,203 -0,115 22,946 100,387 0,378 

14 6,414 2,273 1 7 6 1 0,679 -1,187 1,379 0,248 -0,165 25,083 117,73 0,469 

15 6,609 2,261 1 6 5 1 0,699 -1,353 1,309 0,246 -0,168 25,077 128,061 0,394 

16 6,723 2,068 1 6 5 1 0,622 -1,191 1,338 0,236 -0,17 31,936 125,693 0,371 

17 6,253 1,908 1 6 5 1 0,7 -1,42 1,387 0,246 -0,168 25,078 113,887 0,419 

18 6,362 1,84 1 6 5 1 0,694 -1,225 1,408 0,248 -0,166 25,082 118,027 0,406 

19 7,585 3,728 1 6 5 1 0,689 -0,411 1,474 0,246 -0,168 25,081 141,543 0,342 

20 6,597 2,1 1 7 5 2 0,702 -1,382 1,413 0,23 -0,136 26,864 128,354 0,412 
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Appendix B.  

Supplementary material for chapter 3 

 
Figure B-1. The 13C NMR spectrum of 2 in CDCl3. 
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Figure B-2. The 1H NMR spectrum of 2 in CDCl3 
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Figure B-3. The 13C NMR spectrun of 3 in CDCl3 
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Figure B-4. The 1H NMR spectrum of 3 in CDCl3 
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Figure B-5. The 13C NMR spectrum of 4 in CDCl3 
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Figure B-6. The 1H NMR spectrum of 4 in CDCl3 
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Figure B-7. The 13C NMR spectrum of 5 in CDCl3 
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Figure B-8. The 1H NMR spectrum of 5 in CDCl3 
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Figure B-9. The 13C NMR spectrum of 6 in CDCl3 
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Figure B-10. The 1H NMR spectrum of 6 in CDCl3 
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Figure B-11. The 13C NMR spectrum of 7 in CDCl3 
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Figure B-12. The 1H NMR spectrum of 7 in CDCl3 
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Figure B-13. The 13C NMR spectrum of 8 in CDCl3 
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Figure B-14. The 1H NMR spectrum of 8 in CDCl3 
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Appendix C.  

Supplementary material for chapter 4 

 

Materials  

All precursors for the synthesis and solvents were obtained from Sigma Aldrich 

(Merck KGaA, Saint Louis, MO, USA) and were used as received without further 

purification. CDCl3 spectral grade solvent was stored over 3 Å molecular sieves for 

several days. TLC was carried out on precoated plates (TLC silica gel 60 F254, 

Aluminium Plates Merck, Merck KGaA, Saint Louis, MO, USA) and spots were 

detected by illumination with an UV lamp. All the solvents used in flash 

chromatography were of HPLC grade (CHROMASOLV from Sigma Aldrich, Merck 

KGaA, Saint Louis, MO, USA) and were used as received. The elemental analysis of 

compounds was carried out on Vario ELIII (Elementar, Langenselbold, Germany).  

 

Spectroscopic measurements 

The 1H, 13C spectra were recorded on a Varian VNMR-S 400 MHz spectrometer 

(Varian, Inc., Palo Alto, CA, USA). 1H NMR measurements of 1-9 (0.07 mol dm-3) in 

CDCl3 were carried out at the operating frequency 402.64 MHz. The error of the 

chemical shift value was 0.01 ppm. The 13C NMR spectra were recorded at the operating 

frequency 101.25 MHz. The error of chemical shift value was 0.1 ppm. All spectra were 

locked to deuterium resonance of CDCl3. The 1H and 13C NMR spectra are shown in the 

Supplementary Materials. 

The FT-IR spectra of 1-9 in the mid infrared region were recorded in KBr. The 

spectra were taken with an IFS 113v FT-IR spectrophotometer (Bruker, Karlsruhe, 

Germany) equipped with a DTGS detector; resolution 2 cm–1, NSS = 64. The Happ-

Genzel apodization function was used. 

The ESI (Electrospray Ionisation) mass spectra were recorded also on a 

Waters/Micromass (Waters Corporation, Manchester, UK) ZQ mass spectrometer 
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equipped with a Harvard Apparatus syringe pump. The samples were prepared in dry 

acetonitrile (5 x 10-5 mol dm-3). The sample was infused into the ESI source using a 

Harvard pump at a flow rate of 20 ml min-1. The ESI source potentials were: capillary 3 

kV, lens 0.5 kV, extractor 4 V. The standard ESI mass spectra were recorded at the cone 

voltages: 10 and 30 V. The source temperature was 120°C and the desolvation 

temperature was 300°C. Nitrogen was used as the nebulizing and desolvation gas at 

flow-rates of 100 dm3 h-1. Mass spectra were acquired in the positive ion detection mode 

with unit mass resolution at a step of 1 m/z unit. The mass range for ESI experiments 

was from m/z = 100 to m/z = 1000, as well as from m/z = 200 to m/z = 1500. 

Synthesis and spectroscopic data of 1 

 

Compound 1 was prepared from 4-chlorothiocolchicine by 

hydrolysis with 2 N HCl. To a solution of compound 4-

chlorothiocolchicine (500 mg, 1.11 mmol) in MeOH (3 ml), the 2 

N HCl solution (5 ml) was added. The mixture was stirred at 90°C 

for 72 h. Reaction time was determined by TLC. After that time 

the reaction mixture was quenched by the addition of water (100 ml). The whole mixture 

was extracted four times with CH2Cl2, and the combined organic layers were dried over 

MgSO4, filtered, and evaporated under reduced pressure. The residue was purified by 

CombiFlash® (EtOAc/MeOH, increasing concentration gradient) to give 1 

(C20H22ClNO4S, MW = 407.9 g/mol) with yield 88% [1]. 

13C NMR (101 MHz, CDCl3) δ 182.4, 158.7, 153.1, 150.1, 149.2, 146.2, 137.0, 

134.0, 132.6, 129.8, 129.2, 125.5, 121.8, 61.3, 61.1, 53.5, 38.3, 26.5, 15.1 ppm. 

1H NMR (403 MHz, CDCl3) δ 7.59 (s, 1H), 7.16 – 7.12 (m, 1H), 7.03 (dd, J = 

10.2, 5.1 Hz, 1H), 3.97 (s, 3H), 3.96 (s, 3H), 3.66 – 3.60 (m, 4H), 3.22 – 3.16 (m, 1H), 

2.44 (s, 3H), 2.29 (ddd, J = 17.8, 12.0, 5.9 Hz, 1H), 2.21 – 2.12 (m, 1H), 1.58 – 1.53 (m, 

1H) ppm. 
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FT-IR (KBr pellet): 3378, 2936, 1606, 1556, 1464, 1412, 1401, 1348, 1253, 

1197, 1141, 1086, 1021 cm-1. 

ESI-MS (m/z): [M+H]+ calcd 408, found 408, [M+Na]+ calcd 430, found 430, 

[2M+H]+ calcd 815, found 815, [2M+Na]+ calcd 837, found 837. 

 

 

 Figure C-1. The 13C NMR spectrum of 1 in CDCl3 
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Figure C-2. The 1H NMR spectrum of 1 in CDCl3. 

 

 

 

General procedure for the synthesis of colchicine derivatives (2-9) 

Compounds 2-9 were obtained directly from compound 1. To a solution of 

compound 1 (100 mg, 0.25 mmol) in tetrahydrofuran (5 ml) cooled to 0°C, the following 

compounds were added: Et3N (1 ml, 7 mmol), triphosgene (78 mg, 0.26 mmol). The 

mixture was first stirred at 0°C for 20 min and then for the next 20 min at RT. After that 

time respective alcohol (11 mmol) was added and the mixture was stirred at RT for the 

next 48 h. Reaction time was determined by TLC. The solution was filtered to remove 

triethylamine hydrochloride. The THF was evaporated and the residue was quenched by 

the addition of CH2Cl2 (100 ml) and was washed sequentially with a solution of HCl(aq) 

(0.5 M) and then with water. The organic layer was evaporated to dryness under reduced 
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pressure and purified by CombiFlash® (hexane/ethyl acetate, increasing concentration 

gradient) to give respective compounds as amorphous yellow solids (2-9). 

 

Spectroscopic data of 2 

C23H26ClNO7S, MW = 496.0 g/mol; 

13C NMR (101 MHz, CDCl3) δ 182.5, 159.2, 

155.9, 150.7, 150.2, 149.7, 146.6, 137.0, 134.8, 131.8, 

129.8, 128.5, 126.3, 122.2, 66.9, 61.5, 61.4, 61.1, 61.1, 

53.8, 35.0, 25.9, 15.1 ppm. 

1H NMR (403 MHz, CDCl3) δ 7.43 (s, 1H), 7.27 – 7.23 (d, J = 10.4 Hz, 1H), 

7.09 (d, J = 10.5 Hz, 1H), 6.56 (d, J = 7.3 Hz, 1H), 4.34 (dt, J = 13.4, 6.8 Hz, 1H), 4.09 

(dddd, J = 15.6, 11.7, 8.6, 4.5 Hz, 2H), 3.99 (s, 3H), 3.98 (s, 3H), 3.69 (t, J = 4.2 Hz, 

2H), 3.60 (s, 3H), 3.26 (dd, J = 13.5, 4.8 Hz, 1H), 2.45 (s, 3H), 2.29 (ddd, J = 17.7, 12.0, 

5.9 Hz, 2H), 2.22 – 2.12 (m, 1H), 1.85 (td, J = 11.8, 5.2 Hz, 1H) ppm. 

FT-IR (KBr pellet): 3290, 2937, 1712, 1607, 1545, 1462, 1410, 1349, 1326, 

1284, 1253, 1198, 1153, 1085, 1063, 1023 cm-1. 

ESI-MS (m/z): [M+Na]+ calcd 518, found 518, [2M+Na]+ calcd 1013, found 1013. 
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 Figure C-3. The 13C NMR spectrum of 2 in CDCl3 
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Figure C-4. The 1H NMR spectrum of 2 in CDCl3. 

 

 

 

Spectroscopic data of compound 3 

 

Chemical formula: C22H24ClNO6S, MW = 466.0 

g/mol; 

13C NMR (101 MHz, CDCl3) δ 182.3, 159.2, 156.0, 

150.1, 149.9, 149.7, 146.7, 136.5, 134.5, 131.7, 129.9, 128.5, 

125.9, 122.1, 61.5, 61.4, 61.1, 53.6, 52.3, 35.2, 25.9, 15.2 

ppm. 

1H NMR (403 MHz, CDCl3) δ 7.34 (s, 1H), 7.22 (d, J = 10.3 Hz, 1H), 7.04 (d, J 

= 10.5 Hz, 1H), 5.65 (d, J = 6.3 Hz, 1H), 4.35 (dt, J = 13.1, 6.7 Hz, 1H), 3.99 (s, J = 3.9 
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Hz, 3H), 3.97 (s, 3H), 3.61 (s, 3H), 3.60 (s, 3H), 3.25 (dd, J = 13.2, 4.3 Hz, 1H), 2.44 (s, 

3H), 2.33 – 2.12 (m, 2H), 1.75 (td, J = 11.7, 5.7 Hz, 1H) ppm. 

FT-IR (KBr pellet): 3249, 2936, 1726, 1607, 1544, 1456, 1407, 1347, 1250, 

1195, 1151, 1086, 1026 cm-1. 

ESI-MS (m/z): [M+H]+ calcd 466, found 466, [M+Na]+ calcd 488, found 488, [2M+H]+ calcd 

931, found 931, [2M+Na]+ calcd 953, found 953. 

 

 

 

 

 Figure C-5. The 13C NMR spectrum of 3 in CDCl3 
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Figure C-6. The 1H NMR spectrum of 3 in CDCl3. 

 

 

 

Spectroscopic data of compound 4 

 

Chemical formula: C23H26ClNO6S, MW = 480.0 

g/mol; 

13C NMR (101 MHz, CDCl3) δ 182.4, 159.2, 

155.5, 150.2, 149.9, 149.7, 146.7, 136.5, 134.5, 131.7, 

129.9, 128.6, 125.8, 122.1, 61.5, 61.4, 61.2, 61.1, 53.5, 

35.4, 25.9, 15.2, 14.4 ppm. 

1H NMR (403 MHz, CDCl3) δ 7.33 (s, 1H), 7.22 (d, J = 10.3 Hz, 1H), 7.04 (d, J 

= 10.5 Hz, 1H), 5.40 (d, J = 7.3 Hz, 1H), 4.34 (dt, J = 13.3, 6.7 Hz, 1H), 4.04 – 4.00 (m, 
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1H), 3.99 (s, 3H), 3.97 (s, 3H), 3.61 (s, 3H), 3.29 – 3.22 (m, 1H), 2.44 (s, 3H), 2.22 (dtd, 

J = 31.8, 13.2, 6.1 Hz, 2H), 1.77 – 1.70 (m, 2H), 1.19 (t, J = 7.1 Hz, 3H) ppm. 

FT-IR (KBr pellet): 3293, 2933, 1715, 1608, 1549, 1462, 1409, 1349, 1326, 

1249, 1198, 1151, 1086, 1023 cm-1. 

ESI-MS (m/z): [M+H]+ calcd 480, found 480, [M+Na]+ calcd 502, found 502, 

[2M+H]+ calcd 959, found 959, [2M+Na]+ calcd 981, found 981. 

 

 

 

 Figure C-7. The 13C NMR spectrum of 4 in CDCl3 
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Figure C-8. The 1H NMR spectrum of 4 in CDCl3. 

 

 

Spectroscopic data of compound 5 

 

Chemical formula: C23H23ClF3NO6S, MW = 

534.0 g/mol 

13C NMR (101 MHz, CDCl3) δ 182.4, 159.5, 

153.6, 150.3, 149.7, 149.6, 146.7, 136.5, 134.8, 131.7, 

129.7, 128.6, 126.1, 124.2, 122.3, 121.4, 61.5, 61.3, 

61.1, 61.1, 60.7, 54.1, 35.2, 25.9, 15.2 ppm. 

1H NMR (403 MHz, CDCl3) δ 7.44 (s, 1H), 7.27 – 7.24 (m, 1H), 7.09 (d, J = 

10.6 Hz, 1H), 6.55 (s, 1H), 4.48 (dq, J = 12.7, 8.5 Hz, 1H), 4.36 (dt, J = 11.9, 6.9 Hz, 

1H), 4.07 (dq, J = 12.7, 8.4 Hz, 1H), 3.99 (s, 3H), 3.98 (s, 3H), 3.59 (s, 3H), 3.29 (dd, J 
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= 13.7, 5.0 Hz, 1H), 2.45 (s, 3H), 2.35 (ddd, J = 18.0, 12.2, 6.0 Hz, 1H), 2.20 (td, J = 

13.5, 6.3 Hz, 1H), 1.91 (td, J = 11.8, 5.9 Hz, 1H) ppm. 

19F NMR (379 MHz, CDCl3) δ -74.8 ppm. 

FT-IR (KBr pellet): 3231, 2940, 1737, 1609, 1545, 1464, 1411, 1351, 1283, 

1245, 1163, 1086, 1024 cm-1. 

ESI-MS (m/z): [M+H]+ calcd 534, found 534, [M+Na]+ calcd 556, found 556, 

[2M+Na]+ calcd 1089, 1091, found 1091. 

 

 

Figure C-9. The 13C NMR spectrum of 5 in CDCl3. 
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 Figure C-10. The 1H NMR spectrum of 5 in CDCl3 
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Figure C-11. The 19F NMR spectrum of 5 in CDCl3. 

 

 

Spectroscopic data of compound 6 

Chemical formula: C24H28ClNO6S, MW = 494.0 

g/mol; 

13C NMR (101 MHz, CDCl3) δ 182.3, 159.2, 

155.6, 150.2, 149.9, 149.7, 146.7, 136.5, 134.5, 131.7, 

129.9, 128.5, 125.8, 122.1, 66.9, 61.5, 61.4, 61.1, 53.5, 

35.4, 25.9, 22.1, 15.1, 10.2 ppm. 

1H NMR (403 MHz, CDCl3) δ 7.33 (s, 1H), 7.22 (d, J = 10.3 Hz, 1H), 7.04 (d, J 

= 10.5 Hz, 1H), 5.41 (d, J = 7.1 Hz, 1H), 4.34 (dt, J = 13.2, 6.7 Hz, 1H), 3.99 (s, 3H), 

3.97 (s, 3H), 3.95 – 3.89 (m, 2H), 3.61 (s, 3H), 3.29 – 3.22 (m, 1H), 2.44 (s, 3H), 2.24 

(ddd, J = 16.7, 12.6, 7.2 Hz, 2H), 1.74 (s, 1H), 1.58 (dd, J = 14.2, 7.1 Hz, 2H), 0.89 (t, 

J = 7.4 Hz, 3H) ppm. 

FT-IR (KBr pellet): 3290, 2935, 1714, 1608, 1550, 1462, 1409, 1349, 1248, 

1151, 1085, 1023 cm-1. 
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ESI-MS (m/z): [M+H]+ calcd 494, found 494, [M+Na]+ calcd 516, found 516, 

[2M+H]+ calcd 987, found 987. 

 

Figure C-12. The 13C NMR spectrum of 6 in CDCl3. 
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Spectroscopic data of compound 7 

Chemical formula: C24H28ClNO6S, MW = 494.0 

g/mol; 

13C NMR (101 MHz, CDCl3) δ 182.4, 159.2, 

155.0, 150.2, 149.9, 149.8, 146.7, 136.5, 134.5, 131.7, 

129.9, 128.5, 125.8, 122.1, 68.7, 61.5, 61.5, 61.1, 53.4, 

35.5, 25.9, 22.1, 22.1, 15.2 ppm. 

1H NMR (403 MHz, CDCl3) δ 7.30 (s, 1H), 7.21 (d, J = 10.4 Hz, 1H), 7.03 (d, J 

= 10.5 Hz, 1H), 5.20 (d, J = 7.3 Hz, 1H), 4.78 (dt, J = 12.5, 6.3 Hz, 1H), 4.33 (dt, J = 

13.4, 6.8 Hz, 1H), 3.99 (s, 3H), 3.97 (s, 3H), 3.61 (s, 3H), 3.29 – 3.22 (m, 1H), 2.44 (s, 

 Figure C-13. The 1H NMR spectrum of 6 in CDCl3 
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3H), 2.31 – 2.19 (m, 2H), 1.67 (dd, J = 12.2, 5.4 Hz, 1H), 1.18 (dd, J = 8.6, 6.3 Hz, 6H) 

ppm. 

FT-IR (KBr pellet): 3304, 2978, 2936, 1711, 1608, 1551, 1462, 1408, 1349, 

1251, 1147, 1086, 1023 cm-1. 

ESI-MS (m/z): [M+H]+ calcd 494, found 494, [M+Na]+ calcd 516, found 516, [2M+H]+ calcd 

987, found 987. 

 

 

Figure C-14. The 13C NMR spectrum of 7 in CDCl3. 
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Figure C-15. The 1H NMR spectrum of 7 in CDCl3. 

 

 

Spectroscopic data of compound 8 

Chemical formula: C25H30ClNO6S, MW = 

508.0 g/mol 

13C NMR (101 MHz, CDCl3) δ 182.3, 159.2, 

155.6, 150.1, 150.0, 149.7, 146.7, 136.5, 134.5, 

131.7, 129.9, 128.6, 125.8, 122.1, 65.1, 61.5, 61.4, 

61.1, 53.5, 35.4, 30.8, 25.9, 19.0, 15.1, 13.6 ppm. 

1H NMR (403 MHz, CDCl3) δ 7.33 (s, 1H), 7.22 (d, J = 10.3 Hz, 1H), 7.04 (d, J 

= 10.5 Hz, 1H), 5.46 (d, J = 7.3 Hz, 1H), 4.34 (dt, J = 13.2, 6.7 Hz, 1H), 3.99 (s, 3H), 

3.97 (s, 3H), 3.95 – 3.91 (m, 2H), 3.61 (s, 3H), 3.29 – 3.23 (m, 1H), 2.44 (s, 3H), 2.32 – 
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2.18 (m, 2H), 1.73 (dd, J = 12.2, 6.2 Hz, 1H), 1.58 – 1.49 (m, 2H), 1.31 (tt, J = 12.6, 6.5 

Hz, 2H), 0.89 (t, J = 7.4 Hz, 3H) ppm. 

FT-IR (KBr pellet): 3286, 2935, 1715, 1608, 1549, 1462, 1408, 1349, 1249, 

1150, 1085, 1024 cm-1. 

ESI-MS (m/z): [M+H]+ calcd 508, found 508, [M+Na]+ calcd 530, found 530, [2M+H]+ calcd 

1015, found 1015, [2M+Na]+ calcd 1037, found 1037. 

  

 

 

Figure C-16. The 13C NMR spectrum of 8 in CDCl3. 



 

 

382 

 

 

 

Figure C-17. The 1H NMR spectrum of 8 in CDCl3. 

 

Spectroscopic data of compound 9 

Chemical formula: C25H30ClNO8S, 

MW = 540.0 g/mol; 

13C NMR (101 MHz, CDCl3) δ 182.4, 

159.3, 155.4, 150.2, 150.2, 149.7, 146.6, 

136.7, 134.7, 131.7, 129.8, 128.3, 126.1, 

122.1, 72.5, 69.1, 64.2, 61.5, 61.4, 61.4, 61.1, 

53.7, 35.0, 25.8, 15.1 ppm. 

1H NMR (403 MHz, CDCl3) δ 7.36 (s, 1H), 7.25 – 7.21 (m, 1H), 7.06 (d, J = 

10.6 Hz, 1H), 6.04 (d, J = 7.2 Hz, 1H), 4.36 – 4.21 (m, 2H), 4.08 (ddd, J = 13.6, 7.1, 4.1 

Hz, 1H), 3.99 (s, 3H), 3.97 (s, 3H), 3.73 (ddd, J = 11.8, 8.8, 4.1 Hz, 2H), 3.64 (dd, J = 
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5.7, 3.5 Hz, 2H), 3.61 – 3.57 (m, 5H), 3.29 – 3.23 (m, 1H), 2.44 (d, J = 5.8 Hz, 3H), 2.34 

– 2.19 (m, 2H), 1.77 (td, J = 11.4, 4.8 Hz, 1H) ppm. 

FT-IR (KBr pellet): 3285, 2937, 1715, 1607, 1547, 1461, 1409, 1350, 1253, 

1136, 1083, 1023 cm-1. 

ESI-MS (m/z): [M+H]+ calcd 540, found 540, [M+Na]+ calcd 562, found 562, 

[2M+Na]+ calcd 1101, found 1101. 

 

 

Figure C-18. The 13C NMR spectrum of 9 in CDCl3. 
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Figure C-19. The 1H NMR spectrum of 9 in CDCl3. 

 

 

Antiproliferative activity of colchicine and its derivatives 

Four human cancer cell lines and one murine normal cell line were used to 

evaluate antiproliferative activity of colchicine and its derivatives (1-9): human lung 

adenocarcinoma (A549), human breast adenocarcinoma (MCF-7), human colon 

adenocarcinoma cell lines sensitive and resistant to doxorubicin (LoVo) and (LoVo/DX) 

respectively, and also normal murine embryonic fibroblast cell line (BALB/3T3). The 

BALB/3T3 cell line was purchased from the American Type Culture Collection (ATCC 

Manassas, VA, USA), A549 and MCF-7 cell lines – from European Collection of 

Authenticated Cell Cultures (Salisbury, UK), LoVo cell line was purchased from the 

American Type Culture Collection (ATCC, Manassas, VA, USA), and LoVo/DX by 

courtesy of Prof. E. Borowski (Technical University of Gdańsk, Gdańsk, Poland). All 
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the cell lines are maintained in the Institute of Immunology and Experimental Therapy 

(IIET), Wroclaw, Poland. Human lung adenocarcinoma cell line was cultured in mixture 

of OptiMEM and RPMI 1640 (1:1) medium (IIET, Wroclaw, Poland), supplemented 

with 5% foetal bovine serum (GE Healthcare, Logan UT, USA) and 2 mM L-glutamine 

(Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA).Human breast adenocarcinoma 

cell line was cultured in mixture of Eagle medium (IIET, Wroclaw, Poland), 

supplemented with 10% foetal bovine serum, 2 mM L-glutamine, 8 μg/ml insulin and 

1% amino-acids (Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). Human colon 

adenocarcinoma cell lines were cultured in mixture of OptiMEM and RPMI 1640 (1:1) 

medium (IIET, Wroclaw, Poland), supplemented with 5% foetal bovine serum (GE 

Healthcare, Logan, UT, USA), 2 mM L-glutamine, 1 mM sodium pyruvate (Sigma-

Aldrich, Merck KGaA, Saint Louis, MO, USA) and 10 μg/100 ml doxorubicin for 

LoVo/DX (Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). Murine embryonic 

fibroblast cells were cultured in Dulbecco medium (Life Technologies Limited, Paisley, 

UK), supplemented with 10% foetal bovine serum (GE Healthcare, Logan, UT, USA) 

and 2 mM glutamine (Sigma-Aldrich, Merck KGaA, Saint Louis, MO, USA). All culture 

media contained antibiotics: 100 U/ml penicillin and 100 μg/ml streptomycin (Polfa-

Tarchomin, Warsaw, Poland). All cell lines were cultured during entire experiment in 

humid atmosphere at 37°C and 5% CO2. Cells were tested for mycoplasma 

contamination by mycoplasma detection kit for conventional PCR: Venor GeM Classic 

(Minerva Biolabs GmbH, Berlin, Germany) and negative results was obtained. The 

mycoplasma contamination test is repeated once a year or after thawing in case of less 

frequently used lines. 

 

The antiproliferative assay in vitro 

Twenty-four hours before adding the tested compounds, all cell lines were 

seeded in 96-well plates (Sarstedt, Nümbrecht, Germany) in appropriate media with 104 

cells per well. All cell lines were exposed to each tested agent at four different 
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concentrations in the range 100 – 0.001 μg/ml for 72 h. Cells were also exposed to the 

reference drug cisplatin (Teva Pharmaceuticals Polska, Warsaw, Poland) and 

doxorubicin (Accord Healthcare Limited, Middlesex, UK). Additionally, all cell lines 

were exposed to DMSO (solvent used for tested compounds) (POCh, Gliwice, Poland) 

at concentrations corresponding to these present in tested agents’ dilutions. After 72 h 

sulforhodamine B assay (SRB) was performed [2]. Compounds at each concentration 

were tested in triplicates in a single experiment and each experiment was repeated at 

least three times independently. 

 

SRB 

After 72 h of incubation with the tested compounds, cells were fixed in situ by 

gently adding of 50 μl per well of cold 50% trichloroacetic acid TCA (POCh, Gliwice, 

Poland) and were incubated at 4°C for one hour. Following, wells were washed four 

times with water and air dried. Next, 50 μl of 0.1% solution of sulforhodamine B 

(Sigma–Aldrich, Merck KGaA, Saint Louis, MO, USA) in 1% acetic acid (POCh, 

Gliwice, Poland) were added to each well and plates were incubated at room temperature 

for 0.5 h. After incubation time, unbound dye was removed by washing plates four times 

with 1% acetic acid whereas stain bound to cells was solubilized with 10 mM Tris base 

(Sigma–Aldrich, Merck KGaA, Saint Louis, MO, USA). Absorbance of each solution 

was read at Synergy H4 Hybrid Multi-Mode Microplate Reader (BioTek Instruments, 

Inc., Winooski VT, USA) at the 540 nm wavelength. 

Results are presented as mean IC50 (concentration of the tested compound, that 

inhibits cell proliferation by 50%) ± standard deviation. IC50 values were calculated in 

Cheburator 0.4, Dmitry Nevozhay software (version 1.2.0 software by Dmitry 

Nevozhay, 2004–2014, http://www.cheburator.nevozhay.com, freely available) for each 

experiment [3]. Compounds at each concentration were tested in triplicates in a single 

experiment and each experiment was repeated at least three times independently. 
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Molecular docking simulations 

Molecular docking was combined with other computational methods to explore 

ligand-tubulin interactions for the compounds discussed in this chapter. AutoDock4 

software [4] is one of the molecular docking software packages, which consists of two 

main modules: (i) autodock, which performs the docking of the ligand to a set of grids 

describing the target protein; and (ii) autogrid, which pre-calculates these grids. In this 

article, flexible ligand and rigid receptor conditions were used to dock a small library of 

the investigated colchicine derivatives to the target protein structure (see Table 5-2). The 

ligand structures were then fully optimized on the basis of the RHF/cc-pVDZ [5] level 

of theory implemented in the software package GAMESS-US, version 2010-10-01 [6-

8]. Since there is no crystal structure for human βІ tubulin (UniProt ID: P07437) 

available in the Protein Data Bank (PDB), the bovine tubulin structure 1SA0.pdb was 

used as a template to construct the homology model for human βІ tubulin using the 

software package MOE2015.  

The Moriguchioctanol-water partition coefficient (MLogP), a useful factor in 

estimating and comparing the distribution of the drugs within the cells, organs and the 

body was calculated using the software package called ADMET Predictor 8.0 (ADMET 

Predictor, Simulations Plus, Lancaster, CA, USA). 

To build a 3D model for the α-βI tubulin heterodimer, The Molecular Operating 

Environment (MOE) software package was used [9]. The protein amino acid sequence 

UniProt ID [10]: P07437 and UniProt ID: Q71U36 corresponding to the respective gene 

TUBB and gene TUBA1A was used to represent human β-tubulin and α-tubulin, 

respectively. The best model was chosen by setting the number of generated models to 

10 and by selecting the final model based on MOE's Generalized Born/Volume Integral 

(GB/VI) scoring function via homology modelling. The crystallographic structure of α-

βIIb tubulin isotype complexed with colchicine (PDB ID: 1SA0) was applied as a 

template [11]. The final model was eventually protonated at neutral pH and minimized 

using a MOE's built-in protocol. It should also be mentioned that cofactors including 
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GTP, GDP, colchicine and the magnesium ion located at the interface between α- and 

β-monomers were taken as part of the molecular environment during the modelling 

exercise.  

Molecular dynamics (MD) simulations were run using Amber14 to equilibrate 

the final model and to obtain representative conformations [12]. In order to generate MD 

parameters - e.g. partial charges, force constants, etc., for the four cofactors from the 

Gasteiger charge method, Amber's antechamber utility was used. TIP3P water was 

selected as a solvent via Amber's tleap program. Minimization of the structure was 

carried out in two steps which both use the steepest descent and conjugate gradient 

methods. A 2 ps minimization on solvent atoms only was performed, by restraining the 

protein-ligand complex. Next, minimization was run without restraint for 10 ps. A 20 

and 40 ps equilibration was performed on the system in an NVT and NPT ensemble, 

respectively. The temperature was set to 298K and 1 bar pressure was applied. Finally, 

MD production was run for 70 ns. The root-mean-square deviation (RMSD) of both the 

entire tubulin structure and the colchicine-binding site were found to plateau after 40 ns. 

In order to identify representative conformations of the tubulin dimer, clustering 

analysis was made by Amber’s cpptraj program for the last 30 ns of the generated MD 

trajectory [13] Using the RMSD of atoms in the colchicine-binding site as a metric, 

clustering was carried out via a hierarchical agglomerative and an RMSD cutoff of 1.0 

Å, which led to three representative structures of the tubulin dimer. The structures were 

further used as a rigid target for the screening of 4-chlorothiocolchicine derivatives.  

Docking binding energies were calculated for 4-chlorothiocolchicinederivatives 

using the AutoDockVina program, which makes use of an iterated local search global 

optimizer [14]. A cubic box with size 30.0 Å centred at the centre of mass of the bound 

colchicine derivative was used for our docking simulations. Our calculation was run 

separately between each of the three tubulin representative structures and our colchicine 

derivative library. Here, the best pose was used as the initial configuration for 

MM/PBSA computations for each compound/tubulin isotype pair. 
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The free energy associated with binding of 4-chlorothiocolchicinederivatives 

was calculated by the Molecular Mechanics Poisson–Boltzmann Surface Area 

(MM/PBSA) technique [15,16]. This method is based on molecular mechanics that 

consider solvents as continuum solvation models. The binding free energy is estimated 

as ∆𝐺𝑏𝑖𝑛𝑑 = 〈∆𝐸𝑀𝑀〉 − 𝑇∆𝑆 +  ∆𝐺𝑠𝑜𝑙𝑣 , where 〈∆𝐸𝑀𝑀〉 − 𝑇∆𝑆  can be regarded as the 

change in the free energy of the system in vacuum (gas phase). It includes the change in 

the molecular mechanics energy 〈∆𝐸𝑀𝑀〉 = 〈𝐸𝑀𝑀〉𝑏𝑜𝑢𝑛𝑑 − 〈𝐸𝑀𝑀〉𝑢𝑛𝑏𝑜𝑢𝑛𝑑  and the 

change in the conformational entropy ∆𝑆 due to the binding. Since the difference in the 

structure of our colchicine derivatives is small, it is assumed that they provide 

comparable ∆𝑆  values so the calculation of ∆𝑆  is not necessary when calculating 

∆𝐺𝑏𝑖𝑛𝑑. The value of ∆𝐺𝑠𝑜𝑙𝑣 represents the difference in solvation free energies because 

of binding, which is given as ∆𝐺𝑠𝑜𝑙𝑣 = ∆𝐺𝑠𝑜𝑙𝑣
𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − ∆𝐺𝑠𝑜𝑙𝑣

𝑙𝑖𝑔
− ∆𝐺𝑠𝑜𝑙𝑣

𝑝𝑟𝑜𝑡
 where each term 

on the right-hand side is the sum of polar and nonpolar contributions. Either the 

Generalized-Born (GB) model or the Poisson-Boltzmann (PB) equation can be used for 

the calculations of the polar parts. The nonpolar terms are estimated from a linear 

relation to the solvent accessible surface area (SASA). The values of 〈∆𝐸𝑀𝑀〉 and ∆𝐺𝑠𝑜𝑙𝑣 

are generally computed as ensemble averages requiring a short MD trajectory of the 

solvated complexed system as the input of the MM/PBSA method. In this article, an MD 

simulation was run for each of the best docking poses of ligand-beta tubulin isotypes in 

TIP3P water for 1ns using Amber14 and 200 frames of each MD trajectory were 

collected for the subsequent MM/PBSA and MM/GBSA calculations. For PB 

calculations, an ionic strength of 0.0 nM (istrng=0.0) and a solvent probe radius of 1.6 

Å (prbrad=1.6) were used. For GBSA calculations, the igb parameter was set to 5 that 

corresponds to a modified GB model equivalent to model II in reference [17].  
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Appendix D.  

Supplementary material for chapter 5 

 

 
Figure D-1. The 13C NMR spectrum of 2 in CDCl3 
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Figure D-2. The 1H NMR spectrum of 2 in CDCl3 
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Figure D-3. The 13C NMR spectrum of 3 in CDCl3 
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Figure D-4. The 1H NMR spectrum of 3 in CDCl3 
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Figure D-5. The 13C NMR spectrum of 4 in CDCl3 
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Figure D-6. The 1H NMR spectrum of 4 in CDCl3 

 



 

 

398 

 

 

Figure D-7. The 13C NMR spectrum of 5 in CDCl3 
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Figure D-8. The 1H NMR spectrum of 5 in CDCl3 
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Figure D-9. The 13C NMR spectrum of 6 in CDCl3 
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Figure D-10. The 1H NMR spectrum of 6 in CDCl3 
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Figure D-11. The 13C NMR spectrum of 7 in CDCl3 
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Figure D-12. The 1H NMR spectrum of 7 in CDCl3 
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Figure D-13. The 13C NMR spectrum of 8 in CDCl3 
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Figure D-14. The 1H NMR spectrum of 8 in CDCl3 

 



 

 

406 

 

 

Figure D-15. The 19F NMR spectrum of 8 in CDCl3 
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Figure D-16. The 13C NMR spectrum of 9 in CDCl3 
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Figure D-17. The 1H NMR spectrum of 9 in CDCl3 
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Figure D-18. The 13C NMR spectrum of 10 in CDCl3 
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Figure D-19. The 1H NMR spectrum of in 10 CDCl3 
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Figure D-20. The 13C NMR spectrum of 11 in CDCl3 
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Figure D-21. The 1H NMR spectrum of 11 in CDCl3 
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Figure D-22. The 13C NMR spectrum of 12 in CDCl3 

 

 

 



 

 

414 

 

 

Figure D-23. The 1H NMR spectrum of 12 in CDCl3 
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Figure D-24. 3D plots of the linear regression results for the binding energies (BE) vs MlogP 

vs log IC50 [μM] values for LoVo cell line. 

 

 

Figure D-25. 3D plots of the linear regression results for the binding energies (BE) vs MlogP 

vs log IC50 [μM] values for LoVo/DX cell line. 
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Appendix E.  

Supplementary material for chapter 6 

 

Figure E-1. Spectroscopic characterization of compound 2. 
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         Figure E-2. Spectroscopic characterization of compound 3. 
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                     Figure E-3. Spectroscopic characterization of compound 3. 
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Figure E-4. Spectroscopic characterization of compound 4. 
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Figure E-5. Spectroscopic characterization of compound 5. 
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                    Figure E-6. Spectroscopic characterization of compound 6. 
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Figure E-7. Spectroscopic characterization of compound 7. 
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Figure E-8. Spectroscopic characterization of compound 8. 

 



 

 

424 

 

 
                     Figure E-9. Spectroscopic characterization of compound 9. 
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                  Figure E-10. Spectroscopic characterization of compound 10. 
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                      Figure E-11. Spectroscopic characterization of compound 11. 
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Figure E-12. Spectroscopic characterization of compound 12. 
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Figure E-13. Spectroscopic characterization of compound 13. 

 



 

 

429 

 

 
           Figure E-14. Spectroscopic characterization of compound 14. 
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Figure E-15. 3D plots of the linear regression 

results for the binding energies (BE) vs MlogP vs 

log IC50 [μM] values for MCF-7 cell line. 

 
Figure E-16. 3D plots of the 

linear regression results for the 

binding energies (BE) vs 

MlogP vs log IC50 [μM] values 

for LoVo cell line. 

  

 
Figure E-17. 3D plots of the linear regression 

results for the binding energies (BE) vs MlogP vs 

log IC50 [μM] values for LoVo/DX cell line. 

 
Figure E-18. 3D plots of the 

linear regression results for the 

binding energies (BE) vs 

MlogP vs log IC50 [μM] values 

for A-549 cell line. 
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Figure E-19. 3D plots of the linear regression 

results for the binding energies (BE) vs MlogP 

vs log IC50 [μM] values for BALB/3T3 cell line. 
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Figure E-20. Colchicine and its analogs, induce G2/M phase arrest. MCF-7 cells were 

treated with 10 x IC50 values of the indicated compounds, for 24, 48 or 72 h, and 

subjected to propidium iodide staining and flow cytometry, as described in 

Experimental section. The proportion of cells in different cell cycle phases or with sub-

G1 DNA is indicated numerically and by the bars. Data shown are representative of 

three independent experiments. 
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