
Impact of the ferrocenyl group on cytotoxicity and KSP inhibitory activity of ferrocenyl monastrol conjugates
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ABSTRACT: The incorporation of the ferrocenyl moiety into a bioactive molecule may significantly alter the activity of the resulting conjugate. By applying this strategy, we designed ferrocenyl analogs of monastrol – the first low molecular weight kinesin spindle protein (KSP) inhibitor. The obtained compounds showed low micromolar antiproliferative activity towards a panel of sensitive and ABC-overexpressing cancer cells. Most cytotoxic compounds exhibited also higher KSP modulatory activity and ability to ROS generation compared to monastrol. The increased bioactivity of the studied compounds can be attributed to the presence of the ferrocenyl group.
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Microtubule-targeting drugs, taxanes (e.g. paclitaxel, docetaxel, cabazitaxel) and Vinca alkaloids (e.g. vincristine, vinblastine, vinflunine, vindesine), are widely used in anticancer therapy.1, 2 As microtubules maintain the cell structure and play a crucial role in numerous cellular processes such as cell motility, intracellular transport and cell division3-5 in all nucleated cells, the use of tubulin-binding drugs results in high systemic toxicity and serious adverse effects.6-8 Thus, a search for novel inhibitors that affect molecular targets involved in cell division and overexpressed in cancer cells, is still highly relevant.9 
[bookmark: _Hlk80259244]Kinesins, especially kinesin spindle protein (KSP; also known as Eg5 or kinesin-5), are among the most promising targets for novel anticancer agents. There are over 40 human kinesins classified into 14 families, which are important for cell division and intracellular transport.10 Although hundreds of proteins are associated with mitotic spindle formation,11 KSP plays an essential role in establishing the bipolar spindle.12-15 Additionally, this protein is overexpressed only in neoplastic cells, thus KSP inhibitors arrest only dividing cells16 and are not expected to affect non-proliferating normal cells. Furthermore, it has been reported that overexpression of KSP is correlated with poor clinical outcome in several cancer types.17-20 This makes KSP a good molecular target for anticancer therapy.21-25
The first low molecular weight KSP inhibitor, monastrol 1, was discovered by Mayer et al. in 1999.26 Despite only moderate anticancer activity of 1, considerable effort was taken to modify its structure and to design monastrol-derived lead structures as potent KSP inhibitors such as enastron,27 dimethylenastron,27, 28 fluorastrol,27 Mon-97,29 or CPUYL064.30 In addition, other natural and synthetic KSP inhibitors were discovered which are structurally different from monastrol.31, 32

[bookmark: _Hlk80259294]Widespread use of platinum-based anticancer drugs, e.g. cisplatin and its analogs,33, 34 led to the growing interest for other metal-based compounds as prospective antineoplastic agents. The conjugation of a metal-containing structural motif, such as a ferrocene moiety, to bioactive molecules often results in increased bioactivity or even altered mode of action in comparison to the organic parent compound35. In the last three decades, ferrocene derivatives36 were extensively investigated as anticancer,37, 38 antimicrobial,39-42 antiparasitic,43 including antimalarial, drug candidates.44-46 Interestingly, organometallic derivatives of KSP inhibitors have only been studied to a minor extent, while much research was focused on half-sandwich complexes. For example, Al-Masoudi and co-workers reported ruthenium complexes of the dihydropyrimidine (DPH) monastrol, however, the obtained compounds possessed lower activity than monastrol.47, 48 Recently, we reported ruthenium, osmium, iridium and rhodium half-sandwich complexes as KSP inhibitors bearing the 2-(1-aminoalkyl)quinazolin-4(3H)-one moiety as a bidentate ligand.49 Although simple ferrocenyl DPH derivatives have been synthesized,50-53 the biological activity of such compounds has not been investigated in detail, and the impact of the ferrocenyl moiety on KSP activity is unknown. 	Comment by Christian Hartinger: Should this not be DHP?	Comment by Christian Hartinger: 

Continuing our research in organometallic inhibitors of mitosis,54-59 we have prepared ferrocenyl derivatives of monastrol (X = S) and oxo-monastrol (X = O) (Figure 1) and evaluated the influence of the organometallic moiety on the bioactivity of the ferrocenyl derivatives.

Figure 1. Structures of monastrol 1 and its ferrocenyl analogs type I and II studied herein

The target compounds of type I and II were prepared in Biginelli reactions. The reaction of ferrocenecarboxaldehyde 2a with ethyl acetoacetate, thiourea and catalytical amounts of HCl at reflux afforded 3a in 53% yield. Unfortunately, the same procedure led to an inseparable mixture of several products when using aldehydes 2b–2d. However, we found that the reaction of ferrocenecarboxaldehyde, o-, m-, or p-ferrocenylbenzaldehydes57 2a–d with ethyl acetoacetate and thiourea or urea at RT in anhydrous ethanol in the presence of SbCl3,60, 61 afforded the desired type I compounds 3b–d and 4a–d in 23–80% yield (Scheme 1). 
To prepare compounds of type II, the corresponding -ketoesters 5a–d were required. The Friedel-Crafts acylation of ferrocene with mono-ethyl malonate and trifluoroacetic anhydride in the presence of trifluoromethanesulfonic acid in anhydrous dichloromethane gave 5a in almost quantitative yield (Scheme 2).62 Compounds 5b–d were prepared in the reaction of 2b–d with ethyl diazoacetate in the presence of catalytic amounts of NbCl5 in 11–65% yield by adopting a reported procedure (Scheme 2).63 The reaction of 5a–d with 3-hydroxybenzaldehyde and thiourea or urea under optimized conditions 
Scheme 1. Synthesis of the type I ferrocenyl monastrol analogs 3a–4d  
(SbCl3 catalyst, 24 h at RT) led to a mixture of undesired and various unidentified products together with small amounts of desired products. When urea was used instead of thiourea, we were able to isolate undesired 2-acyl-3-ureidopropanoates 8a–d in 10–34% yields which precipitated from the reaction mixture (Scheme 2, condition C).
Therefore, to optimize the reaction conditions, we monitored the progress of the reactions of 5a with urea or thiourea and 3-hydroxybenzaldehyde in the presence of SbCl3 by HPLC-MS. When urea was used, the HPLC-MS analysis of the crude reaction mixture confirmed that 8a was the major product (43.8%), while the desired 7a was only formed in 9.4% yield. Besides, a small amount, 13.1%, of unreacted 5a remained in the reaction mixture after 24 h. Use of thiourea instead of urea resulted in the formation of the ureido derivative 9a in 29.0%, while 6a was only formed at 5.5% yield with 34.9% of unreacted 5a remaining after 24 h at RT. Performing the reaction at 40 C led to the formation of 6a or 7a in 29.5 and 25.5% yield, respectively, while the amounts of ureido derivatives decreased to 25.2 and 34.2%, respectively. Further extension of the reaction time up to 72 h increased the yield of the desired products. In comparison, a similar study performed for the reaction of 2a with urea or thiourea and ethyl acetoacetate confirmed that the desired products 4a and 3a were formed as the major products in yields of 73.8 and 57.7%, respectively within 24h, together with ethyl 2-ferrocenylmethylideneacetoacetate 13 (12.3–17.3%) and trace amounts of ureido derivatives 12a and 11b. (1.7 and 2.4%) (Supporting Scheme S1).
Based on the above results, we decided to perform the reactions of 5a–d with 3-hydroxybenzaldehyde, thiourea or urea and SbCl3 at 40 C for 72 h, which allowed the isolation of 6a, 6c, 6d and 7a in yields of 10–54% (Scheme 2, condition A). Any further effort to prepare 6b or 7b–d under the same conditions failed. Further studies revealed that 7c and 7d were formed in 6.2 and 1.4% yield when the reactions were carried out in a microwave reactor in the presence of 10 mol% of Yb(OTf)3 in 2,2,2-trifluoroethanol at 110 C for 30 min. We also observed the formation of trace amounts of ureido derivatives 8c and 8d (1.4–2.5%). Interestingly, under microwave condition, 6a was formed in only 1.6% yield, while ortho-substituted 6b or 7b were not found (Scheme 2, condition B).





Scheme 3. Synthesis of the type II ferrocenyl monastrol analogs. Conditions: A) 40 C, 72 h; B) CF3CH2OH, Yb(OTf)3 (10%mol), MW, 110 C, 30 min; C) SbCl3 (1 eq), RT, 72 h.


The structures and purities of all compounds were confirmed by the NMR spectroscopy and HPLC-ESI-MS analysis (Supporting Figures S7-S60). In the 1H NMR spectra in DMSO-d6 of 3a–d and 6b–d, we observed two signals assigned to the NH-1 and NH-3 protons at ca. 10.5 and 9.7 ppm, respectively, while in the oxo-analogs 4a–d these protons were observed at ca. 9.1 and 7.5 ppm. However, in the case of 6a, the order of the NH-1 and NH-3 proton peaks was inversed, and the corresponding signals were present at ca. 8.7 and 9.9 ppm. In comparison to monastrol derivatives, the 2-acyl-3-(ureido)propanoates 8a–d presented much more complicated spectra as they can exist in both keto and enol forms, as confirmed by NMR spectroscopy. In the 1H NMR spectra of 8a–d in DMSO-d6, the signals of the NH2 group were observed at ca 5.6 ppm while the NH protons resonated at ca. 6.6 ppm as broad singlets or doublets. In the 13C{1H} NMR spectra of 8a-d, a set of three carbonyl atom signals was present at ca. 195, 168 and 158 ppm, which were assigned to keto CO, ester and 158 ppm urea moieties, correspondingly. The HPLC-ESI-MS analysis of the monastrol derivatives shown the major peaks (with area in a range of 84.1 – 95.8%) preceded by minor peaks (with area in a range of 3.1 - 10%) both assigned to cation [M]+ formed by oxidation of studied compound, and only in a case of 6a we observed molecular ion assigned to [M+H]+ (Supporting Figures S43-S60). The presence of the major peak together with trace amounts of minor peak observed in the HPLC-ESI-MS spectra of studied compounds can be assigned to the keto-enol forms.
The molecular structures of the organometallic analogs of monastrol, i.e., 3a and 6a, were determined by single-crystal X-ray diffraction analysis (Supporting Figures S1-S3, Supporting Tables S1-S3). Similarly, to 1, both 3a and 6a crystallized in the centrosymmetric space groups C2/c (3a) and P21/c (6a) as racemic mixtures. In both instances, a single molecule of the compound was found in the asymmetric unit. Compound 6a co-crystallized with one molecule of CH2Cl2 which was found to be severely disordered.
The antiproliferative activity of the synthesized compounds was studied in a set of human cancer cell lines, namely A549 (alveolar basal epithelial cell adenocarcinoma), Colo 205 (colorectal adenocarcinoma), HCT 116 (colorectal carcinoma), Hep G2 (hepatocellular carcinoma), MCF7 (breast adenocarcinoma), and SW620 (colorectal adenocarcinoma), as well as in a panel of five multidrug-resistant (MDR) cell lines derived from SW620 and characterized by overexpression of various ABC proteins, namely ABCG2 (SW620C), ABCC1 (SW620M and SW620E) and ABCB1 (SW620D, SW620E, and SW620V).64 We intentionally did not incorporate any of so called “normal” (i.e., non-cancerous) cells in our study as the potential target of our compounds is crucial for cell division, so it is obvious that all dividing cells would be affected (as it happens during chemotherapy in the patient’s body when bone marrow, intestinal lining and hair follicles are involved). Initially, we evaluated the impact of 3a–4d, 6a, 6c, 6d, 7a, 7c, 7d and 8a–d on the cell viability at the IC50 of 1 of the respective cell line (Figure 2). Such screening allowed us to choose 10 of the most active compounds and study them further in a more detailed way. In the next step, we determined the IC50 values for selected compounds in the same set of cancer cell lines (Table 1) and in the MDR cell line panel (Table 2).
Analysis of the antiproliferative potential of the synthesized compounds in the A549, Colo 205, Hep G2, HCT 116, SW620 and MCF7 cell lines revealed that ferrocenyl analogs of monastrol 3 and 6 and of its oxo-analogs 4 and 7 were more active than 1. Notably, their activity strongly depended on the ferrocenyl substituents and the type of heteroatom at C-2. For example, a simple replacement of the 3-hydroxyphenyl moiety in 1 with a ferrocenyl group (3a) resulted only in slightly increased antiproliferative potency towards Colo 205, HepG2 and SW620 cells. The biological activity of type I analogs could be further increased by substituting the 3-hydroxyphenyl group in 1 with a ferrocenylphenyl moiety, with the most active representative being the 4-ferrocenylphenyl com[image: Obraz zawierający stół

Opis wygenerowany automatycznie]pound 3d. 
Figure 2. Antiproliferative activity of the synthesized compounds in comparison to 1. All compounds were administered at concentrations equal to the IC50 values of 1 in the respective cell lines (51.0 M (A549), 112 M (Colo 205), 78.1 M (Hep G2), 41.9 M (HCT 116), 29.4 M (MCF7), and 84.7 M (SW620)). The results are presented as relative viability compared to non-treated controls (mean value SD from three independent experiments).
Exchanging the sulfur atom for oxygen usually diminished the biological potency of the type I compounds (3a–d vs. 4a–d; Figure 2 and Table 1) with one significant exception being 4b bearing a 2-ferrocenylphenyl moiety instead of the 3-hydroxyphenyl group. Also, replacing the     6-methyl group in 1 with ferrocenyl or ferrocenylphenyl moieties in compounds 6a, 6c, 6d and 7d (Table 1) significantly affected the biological activity of type II compounds. The thiones exhibited substantially higher activity than 1, while only one oxo-analog 7a exerted moderate activity. It should be noted that the oxo-analog 6c, bearing a 3-ferrocenylphenyl moiety instead of the 6-methyl group, exhibited the highest antiproliferative potency towards all studied cell lines with IC50 values in the low micromolar range. Overall, MCF7 and Hep G2 cells were more sensitive to the investigated compounds while the colorectal and lung cancer cell lines were usually slightly more resistant.
Activity of the multidrug resistance pumps can be an obstacle in delivering a drug into the target cell. Therefore, we studied the biological potency of the compounds in cells overexpressing various ABC transporters responsible for MDR. The synthesized compounds were more active than 1 with the exception of 3a and 4b in SW620M and SW620V cells (Table 2). However, no clear effect of MDR pump overexpression on cell sensitivity was observed, neither in case of 1 nor its analogs. The overall pattern of activity in MDR cells was identical to that observed in non-MDR cell lines. Based on these results, we have selected compounds 3a, 4b and 6c for more detailed studies on their biological activity.















































Table 1. Cytotoxicity of the ferrocenyl analogs of monastrol (3a-d, 6a, 6c and 6d) and of oxo-monastrol (4b, 4d and 7a) in cancer cell lines. IC50 values are presented with the respective 95% confidence intervals given in brackets. Data presented are derived from three independent experiments
	Compound
	A549
	Colo 205
	Hep G2
	HCT 116
	MCF7
	SW620

	1
	51.0
[42.0-63.4]
	>100
	78.1
[52.8-182.3]
	41.9
[33. 7-53.6]
	29.4
[20.5-44.9]
	84.7
[64.4-120]

	3a
	75.8
[44.1-218.2]
	37.3
[28.9-47.4]
	6.20
[3.94-9.88]
	80.8
[64.0-107.8]
	26.1
[21.8-31.0]
	50.6
[44.0-58.8]

	3b 
	11.4
[8.16-16.0]
	24.9
[17.5-37.2]
	5.38
[4.22-6.84]
	17.7
[15.1-20.9]
	5.38
[4.35-6.61]
	21.3
[16.2-28.7]

	3c
	16.5
[12.1-23.1]
	34.5
[26.3-46.9]
	31.5
[24.6-41.8]
	32.5
[24.7-44.0]
	6.57
[5.62-7.72]
	41.5
[36.5-47.4]

	3d
	6.71
[5.45-8.29]
	14.6
[11.5-19.0]
	10.2
[9.14-11.5]
	23.3
[17.2-32.8]
	1.13
[0.81-1.57]
	65.1
[50.4-87.2]

	4b
	6.40
[5.15-7.94]
	6.53
[5.29-8.05]
	5.95
[4.73-7.47]
	6.95
[5.73-8.43]
	6.41
[5.16-7.96]
	8.97
[7.09-11.3]

	4d
	>100
	72.3
[52.6-187]
	52.9
[42.9-67.2]
	50.5
[39.2-67.7]
	14.8
[11.1-20.0]
	54.1
[45.1-66.1]

	6a
	37.1
[25.9-56.7]
	34.6
[20.3-39.9]
	12.8
[9.23-17.6]
	51.6
[46.1-57.9]
	11.2
[9.04-13.9]
	38.7
[31.1-18.9]

	6c
	3.58
[2.91-4.40]
	3.64
[2.88-4.59]
	2.39
[2.10-2.73]
	3.54
[3.09-4.06]
	4.02
[3.34-4.83]
	7.19
[4.59-11.1]

	6d
	14.5
[13.2-15.9]
	14.9
[ 11.0 -18.8]
	11.5
[8.23-15.10]
	6.68
[5.69-7.84]
	NA
	14.2
[12.1-16.6]

	7a
	24.8[a]

	21.9[a]

	21.3[a]

	23.3[a]

	21.7
[18.7-25.5]
	25.9
[20.4-34.3]
















































Table 2. Cytotoxicity of the ferrocenyl analogues of monastrol (3a-d, 6a, 6c and 6d) and of oxo-monastrol (4b, 4d and 7a) in MDR cancer cell lines. IC50 values are presented with the respective 95% confidence intervals given in brackets. Data presented are derived from three independent experiments
	Compound
	SW620
	SW620C
	SW620D
	SW620E
	SW620M
	SW620V

	1
	84.7
[64.4-120]
	85.8
[79.9-134.1]
	>100
	86.8
[61.2-139]
	33.5
[29.8-37.8]
	45.9 
[34.9-62.9]

	3a
	50.6
[44.0-58.8]
	37.2
[30.0-46.8]
	20.9
[13.7-31.6]
	28.0
[23.1-33.7]
	45.0
[36.6-56.0]
	63.7 
[41.5-113]

	3b
	21.3
[16.2-28.7]
	24.0
[18.2-32.7]
	11.1
[8.53-14.42]
	17.1
[11.4-26.1]
	19.1
[13.6-27.7]
	38.9 
[22.8-81.0]

	3c
	41.5
[36.5-47.4]
	68.3
[55.5-87.0]
	35.3
[30.3-41.7]
	26.5
[22.2-32.0]
	32.4
[26.1-40.9]
	21.1 
[17.3-26.1]

	3d
	65.1
[50.4-87.2]
	34.1
[25.7-46.8]
	17.8
[15.1-21.0]
	20.4
[15.6-27.3]
	12.4
[10.4-14.9]
	10.2 
[8.28-12.7]

	4b
	8.97
[7.09-11.3]
	10.9
[9.07-13.3]
	13.0
[10.94-15.5]
	12.0
[9.75-14.8]
	8.72
[6.59-11.6]
	17.4
[15.0-20.3]

	4d
	54.1
[45.1-66.1]
	46.9
[34.3-68.0]
	56.2
[39.3-86.6]
	52.9 
[41.0-71.0]
	48.4
[40.0-59.8]
	65.2
[50.2-88.9]

	6a
	38.7
[31.1-18.9]
	29.3
[23.2-36.6]
	22.9
[17.7-29.2]
	19.3
[14.4-25.4]
	18.9
[11.7-31.3]
	12.7 
[9.95-16.1]

	6c
	7.19
[4.59-11.1]
	3.19
[2.37-4.26]
	5.02
[3.69-6.81]
	4.68
[3.41-6.41]
	9.42
[7.59-11.7]
	4.99 
[4.18-5.96]

	6d
	14.2
[12.1-16.6]
	8.40
[7.01-10.1]
	16.6
[12.2-22.5]
	23.0
[18.6-27.9]
	14.3
[10.2-19.9]
	15.5 
[1.98-19.9]

	7a
	25.9
[20.4-34.3]
	19.7
[16.9-23.0]
	32.2
[26.5-39.6]
	25.4[a]

	25.5
[21.1-31.4]
	27.3
[23.7-32.0]


[image: Obraz zawierający okno, budynek, ciemny, zamontowane
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Figure 3. Relative ATPase activity in presence of 10 µM of 1, 3a, 4b and 6c. Solvent control activity was referred to as 100%. Data are presented as mean ± SEM, n = 3 or 4 (in case of KSP). Data analyzed by one-way ANOVA and post hoc Tukey's test. *** P < 0.001, **** P < 0.0001


Kinesins utilize ATP to slide along microtubules and therefore their activity can be assessed by measuring the ATP hydrolysis rate. Since 1 is known to be a specific inhibitor of KSP activity, we tested compounds 3a, 4b and 6c in comparison to 1 for their inhibitory activity on KSP at a concentration of 10 µM. Kinesin inhibition was determined with the Kinesin ATPase Endpoint Biochem Kit (see Supporting Information for details). The residual KSP ATPase activity was two times lower in case of ferrocenyl analogs (3a – 7.2%, 4b – 8.8% and 6c – 9.8%) than in case of 1 (18.7%) (Figure 3). To assess whether such effects were selective towards KSP, we used also other motor proteins, kinesin 4 family motor (KIF4A), kinesin-like protein KIF23 and mitotic centromere-associated kinesin (MCAK) but. N none of the compounds inhibited these other proteins. which implies that the investigated modifications of the core structure do not alter the specificity of monastrol analogs.It must be stressed here that the nucleotide binding sequence of all four proteins is highly conserved as revealed by the UniProt alignment tool. It is therefore unlikely that the compounds interact with the ATP-binding domain of KSP in which case they would inhibit all the other proteins too. Thus, it must be implied that the investigated modifications of the core structure do not alter the specificity of the monastrol analogs.
[image: Obraz zawierający grafika wektorowa

Opis wygenerowany automatycznie]The antiproliferative activity of ferrocenyl compounds is believed to be associated with their increased ability to generate reactive oxygen species (ROS) in target cells.36 To verify the hypothesis that introducing a ferrocenyl moiety to 1 impacts the mechanism of action, we investigated the ability of 3a, 4b and 6c to induce intracellular ROS formation (Figure 4). The rate of dihydrorhodamine 123 oxidation was considered the indicator for ROS production in SW620 cells. Compounds 4b and 6c were approximately 25% more active in terms of ROS generation than 1, which supports the hypothesis of ROS involvement in the anticancer activity of such ferrocenyl compounds.
Figure 4. ROS induction by 3a, 4b and 6c in SW620 cells as compared to verapamil, an ABCB1 inhibitor used to increase rhodamine 123 retention in vulnerable cells, and 1. Data presented as means ± SEM, n = 3. Data analysed by one-way ANOVA and post hoc Tukey's test. * P < 0.05, *** P < 0.001
As a KSP inhibitor, 1 leads to the formation of monopolar mitotic spindles and chromosome segregation blockade in cancer cells. Flow cytometry was used to assess the cell cycle distribution and in particular to monitor an increase in G2/M phase cells (Table 3). SW620 and SW620V cells, the latter being twice as sensitive to 1 than the parental SW620 cells  were exposed to 4b and 6c for 24 h to detect the potential detrimental effects of ROS formation. Surprisingly, wWe did not observe any signs of mitotic arrest in the cells exposed either to 1 or its ferrocenyl analogs. It This is not really surprising considering the typical length of human cancer cell cycle ranging between 20 and 24 hours, and the incubation period being may be attributed to a relatively short.  period of incubation -Indeed, usually pronounced effects of monastrol are observed after 48 48-hour exposure – twice the length of the cell cycle duration.65. However, an increased number of apoptotic cells (sub-G1 fraction) and a reduced percentage of cells in the G0/G1 phase could be clearly seen, especially in SW620 cells exposed to 4b and 6c. Such short-terms effects support the potential role of ROS formation in the biological activity of the compounds studied.









Table 3. Cell cycle distribution in SW620 and SW620V cells after treatment with monastrol 1 and its ferrocenyl derivatives 3a, 4b and 6c at a concentration equal to the IC90 value of 1 for SW620. Compounds were used at concentrations equal to the respective IC90 values. Data presented as means ± SEM, n = 3.
	Cell line
	
	sub-G1
	G0/G1
	S
	G2/M

	SW620
	ctrl
	0.9 ± 0.2
	73.7 ± 4.0
	13.9 ± 2.6
	12.1 ± 1.5

	
	1
	12.4 ± 4.1
	63.4 ± 3.4
	10.9 ± 3.2
	11.1 ± 1.7

	
	3a
	15.7 ± 4.6
	65.2 ± 5.7
	10.0 ± 3.4
	9.8 ± 2.5

	
	4b
	28.2 ± 2.6
	50.6 ± 2.8
	13.2 ± 4.4
	8.0 ± 2.3

	
	6c
	32.1 ± 3.8
	45.4 ± 6.7
	13.5 ± 1.8
	9.3 ± 2.3

	SW620V
	ctrl
	1.1 ± 0.2
	75.2 ± 5.0
	13.8 ± 2.8
	9.0 ± 3.0

	
	1
	5.5 ± 2.2
	69.7 ± 7.9
	12.3 ± 4,5
	10.0 ± 2.1

	
	3a
	6.6 ± 3.2
	68.0 ± 6.0
	10.9 ± 5.4
	11.4 ± 2.8

	
	4b
	11.7 ± 1.9
	61.0 ± 5.7
	10.4 ± 4.0
	11.2 ± 2.3

	
	6c
	12.6 ± 2.2
	62.8 ± 8.9
	10.3 ± 2.2
	13.9 ± 2.6



Molecular modeling was used to investigate the possible binding mode(s) for the ferrocenyl monastrol and oxo-monastrol derivatives. 
Docking of the (R)- and (S)-enantiomers of the ferrocenyl derivatives 3a–7d revealed that the docking is largely independent whether the compound derived of dihydropyrimidin-2(1H)-one or a dihydropyrimidin-2(1H)-thione (Supporting Information) and similar predicted binding modes and intermolecular interactions were found.66 In general, the (S)-enantiomers showed higher predicted binding affinities than the (R)-isomers (Supporting Table S5). The latter have relatively weak pose prediction consistencies between docking runs, i.e., the algorithm predicts many different poses. Several of these configurations were regarded to be implausible, e.g., the 3-hydroxyphenyl ring being predicted to be in the aqueous phase. These results are suggestive of weak binding affinities and biological effects for the (R)-isomers. Evidence of this is apparent as Maliga et al.67 demonstrated (S)-1 has ~15 times greater potency than its enantiomeric counterpart, (R)-1. 
Molecular docking revealed that most of the (S)-isomers with 6-(ferrocenylphenyl) substituents (6c, 6d and 7d) retained similar binding poses and intermolecular interactions comparable to (S)-monastrol, e.g., the docked configuration of (S)-6c (Figure 3A); the 3-hydroxyphenyl moiety remained in the hydrophobic cavity, the thione facing Ile136, and most of the main hydrogen bonding interactions were retained, i.e., the 3-NH tetrahydropyrimidine formed a hydrogen bond with Glu116 and the phenol with Glu118. The introduced 6-(ferrocenylphenyl) moiety is predicted to be outside of the allosteric pocket but is situated close to the hydrophobic regions partly formed by Ala218 and the alkyl side chain of Arg221 where they are expected to form favorable hydrophobic contacts. In contrast to the 4-ferrocenyl or 4-(ferrocenylphenyl) derivatives (3a–4d), there is a lack of key predicted hydrogen bonding patterns resulting from the occupation of the ferrocenyl moiety of the hydrophobic cavity and the resulting change in the tetrahydropyrimidine ring orientation;, indeed it is pointing out of the binding pocket (Figure 3B). Additionally, the thione functional group faces away from Ile136 and the ethanoate is directed towards the allosteric cavity. These poses have reversed the position of the ligands as compared to (S)-1, depriving them of good binding within the allosteric pocket. They lack a favorable mix of hydrogen bonding for specificity and lipophilic contacts for affinity.68
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Figure 3. Docked configurations of (S)-6c (A) and (S)-3a (B). The predicted hydrogen bonds are depicted as green dotted lines between the derivative and the residues Glu116 (blue) and Glu118 (red). The protein surface is rendered. Red, blue and grey regions represents partially negative, positive and hydrophobic regions. Hydrogen atoms are hidden for clarity. 
The 6-(ferrocenylphenyl) substituted compounds 6c and 6d were the most cytotoxic derivatives (Table 1). The molecular modeling results indicate that the substitution of the 3-hydroxyphenyl group with the 4-(ferrocenylphenyl) moiety leads to different orientations of the derivatives thus impairing hydrogen bonding networks within the allosteric cavity. Derivative 4b contradicts this interpretation as it has good cytotoxic potency (Table 1); it can be speculated that 4b does not occupy the allosteric pocket but exerts its biological effect by other means.
In conclusion, we report a series of systematically-modified ferrocenyl derivatives of monastrol and oxo-monastrol which were evaluated for their antiproliferative activity and we aimed to rationalize the results by a series of complementary biological studies inspired the biological activity of monastrol. We found that introducing a ferrocenyl moiety leads to a broad spectrum of activity towards all the investigated cells including the MDR panel cell lines. The derivatives 3a, 4b and 6c inhibited KSP with the highest potency. The higher cytotoxic activity of 4b and 6c is in agreement with their ability to induce ROS generation, and their pro-apoptotic effects. These data suggest that the cytotoxic potency of the compounds is related also to the level of ROS generation, not only to KSP inhibition, which suggests an additional mechanism of action. Based on docking studies, we cannot explain the higher activity of oxo-monastrol 4b in relation to monastrol 3b. Interestingly, we found that the replacement of the 3-hydroxyphenyl group by a 4-ferrocenylphenyl group induces the high antiproliferative activity towards the MCF7 breast cancer cell line, which is currently being further investigated.
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Introduction of the ferrocenyl group into the monastrol scaffold improved the cytotoxic activity, increased the kinesin-spindle-protein (KSP) inhibitory activity as well as its ability to generate reactive oxygen species (ROS) which led to increased levels of apoptotic cells.
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