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Abstract

:

A new flexible germacranolide (1, lobatolide H) was isolated from the aerial parts of Neurolaena lobata. The structure elucidation was performed by classical NMR experiments and DFT NMR calculations. Altogether, 80 theoretical level combinations with existing 13C NMR scaling factors were tested, and the best performing ones were applied on 1. 1H and 13C NMR scaling factors were also developed for two combinations utilizing known exomethylene containing derivatives, and the results were complemented by homonuclear coupling constant (JHH) and TDDFT-ECD calculations to elucidate the stereochemistry of 1. Lobatolide H possessed remarkable antiproliferative activity against human cervical tumor cell lines with different HPV status (SiHa and C33A), induced cell cycle disturbance and exhibited a substantial antimigratory effect in SiHa cells.
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1. Introduction


Sesquiterpene lactones (SLs) constitute a large and diverse group of biologically active plant specialized metabolites that have been identified in several plant families. The greatest numbers are found in the family Asteraceae with over 3000 reported different structures [1,2,3]. They are primarily classified on the basis of their carbocyclic skeletons. From over 40 structural types of sesquiterpene lactones known to date, the most widespread are germacrane, guaiane, eudesmane, and pseudoguaiane [4]. An important structural feature of the SLs is the presence of a γ-lactone ring containing in many cases an α-methylene group. The biological activity (e.g., cytotoxic [1,5,6,7,8], anti-inflammatory [2,9,10,11]) of SLs is mainly due to the presence of this structural element [12,13,14]. Furthermore, there are also reports on neuroprotective [15,16], antimicrobial [17] or antiparasitic [18,19] activities of SL derivatives.



Neurolaena lobata (L.) R.Br. ex Cass. (Asteraceae) is a perennial plant occurring mainly in Central and South America. It is a rich source of SLs; previously 24 sesquiterpenes, among them 22 SLs having germacranolide, seco-germacranolide, furanoheliangolide and eudesmanolide skeletons were isolated from the aerial parts of the plant. Several of them possessed remarkable antiproliferative and anti-inflammatory activities [20,21,22,23,24].



Although DFT NMR calculations of 1H and 13C chemical shifts and the associated statistical methods [25,26] are a powerful tool which allowed the structure elucidation [27,28,29,30] or even structure revision [31,32,33,34] of a large number of natural and synthetic derivatives, they have several limitations [26,33,35,36]. Regardless of one’s aims to apply a scaling factor approach or an inner reference approach, for a successful determination of the relative/absolute configuration, the difference between the experimental values of the sample and computed data of the correct isomer should be small, while the wrong isomers should show larger differences from the experimental data. It is known that some atoms or groups can cause large deviations in the computed values, preventing a good reproduction of the experimental NMR data in the vicinity [37,38]. If there is no chirality center next to the problematic atom or group, one can neglect the highly affected atoms, which is usually applied for the training sets, too [27]. If the problematic region is far from the chirality center(s) to be determined, even truncated models can be applied for the NMR calculations [28,29,39]. There are, however, a few examples in the literature, where even for rather problematic cases, such as halogen atoms, well performing scaling factors could be prepared [40]. Exomethylene groups are less problematic than halogen atoms, but still capable of exerting a distortion of several ppm, which is comparable with the difference between the possible stereoisomers and, hence, thwarts a safe assignment [24,41,42]. For example, in our previous study on lobatolide derivatives, the 13C NMR chemical shift data of lobatolide A could be well reproduced, but for most of the other exomethylene containing lobatolides, large differences were found in the vicinity of the exomethylene group preventing utilization of the calculated NMR scaling factors in structure elucidation [24]. Since a large number of level combinations with NMR scaling factors are already available in the literature [27,43], and for some of them, even exomethylene containing derivatives were considered in the training set [41], we hoped to find a few well applicable combinations for germacranolides including the novel flexible natural product (1). On the other hand, the vast majority of the combinations found in the literature apply B3LYP or other classical functionals for DFT optimization, and almost all combinations were prepared for gas-phase optimized conformers [44]. These combinations can work well for rigid molecules, but for open chain compounds or macrolides with high flexibility they can be problematic [45,46]. To this end, we developed scaling factors by applying the ωB97XD long-range corrected hybrid functional [47,48] for geometry optimization both in vacuo and with SMD (solvation model based on density) for chloroform.




2. Results and Discussion


Multistep chromatography of the dichloromethane-soluble phase of the methanolic extract prepared from the aerial parts of N. lobata resulted in the isolation of a pure compound (1, Figure 1). The structure elucidation of 1 was carried out by one- and two-dimensional NMR spectroscopy (1H–1H COSY, HSQC, HMBC and NOESY) and HRESIMS experiments and TDDFT-ECD calculations.



Compound 1 (lobatolide H) was isolated as a yellow gum with [α]27D + 31 (c 0.1, CHCl3). Its HRESIMS displayed a quasi-molecular ion peak at m/z 349.2012 [M + H]+ (calcd. for 349.2010), indicating the molecular formula C20H28O5. The 1H and 13C NMR spectra of 1 showed the presence of an isovaleroyl group (Table 1). Additionally, the 1D and 2D NMR spectra (Figures S1–S6) exhibited that this compound is very similar to the germacranolide-type sesquiterpene lactone 2α-hydroxy-8β-isovaleroyloxycostunolide, isolated previously from Helianthus gracilentus (Asteraceae) [49]. The 13C NMR data of the two compounds were completely in agreement. Only two differences could be detected between the two compounds. Firstly, the positions of the double bonds differ. These were present at C-3–C-4 and C-9–C-10 in 1, but at C-4–C-5 and C-1–C-10 in 2α-hydroxy-8β-isovaleroyloxycostunolide. Secondly, the orientation of OH-2 group in 1 differs from the proposed α-orientation of this substituent in case of the costunolide derivative. The position of the double bond was proved by 1H-1H COSY correlations. The 1H-1H COSY spectrum defined two structural fragments with correlated protons: –CH2-CH(OH)-CH= (A) (δH 2.72, 2.07, 4.75, 5.25) (C-1–C-3) and –CH2–CH(OR)–CH(R)–CH(OR)–CH= (B) (δH 2.76, 2.32, 5.76, 2.93, 5.50, and 4.98) (C-5–C-9). These two structural parts, tertiary methyls (δH 1.79 and 1.53), and quaternary carbons (δC 135.1, 136.4, 142.7, and 169.4) were connected by inspection of the HMBC correlations. The two- and three-bond correlations between the quaternary carbon C-4 and H-2, H-5a, H-6, and H-15; between C-10 and H-1a, H-1b, H-8, and H-14; and between C-7 and H-13a, H-13b revealed the presence of a germacranolide-3,9-diene structure substituted with a hydroxy group at C-2, and an isovaleroyloxy group at C-8.



The β-orientation of the 2-OH and 8-isovaleroyl group was indicated by the NOE correlations between H-2/H-1a, H3-14; H3-14/H-1a, and H-8; and H-8/H-2. The E configuration of the olefinic bonds was demonstrated by the NOESY cross-peaks between H-14/H-1α and H-9/H-1β, and between H-15/H-2α and H-3/H-1β. All the above data suggested lobatolide H to have the structure 1.



Although NOE correlations work well in smaller rings, for flexible systems or macrolides one should be careful with the interpretations to avoid misassignments [24,50,51]. Therefore, we tested a large number of available DFT NMR methods, developed parameters for two combinations and augmented the NMR studies with TDDFT-ECD calculations to verify the stereochemistry of 1. To help the reader navigate between the tested and developed NMR chemical shift scaling factor combinations, we named approach A the test of three known DFT combinations on lobatolide H (1), which we used successfully lately on various heterocycles, including lobatolides A and B [24,28,29,52,53]. In approach B we tested 80 available combinations first on the known derivative volenol (2, step 1), and then the best performing ones on 8β-isovaleroyloxyreynosin (3, step 2) and 1 (step 3). In approach C we developed chemical shift scaling factors for two further combinations based on eleven exomethylene containing derivatives and tested them for 2, 3 and 1.



Approach A



Since in our previous work we could predict the 13C chemical shifts of lobatolides A and B with a good approximation but encountered problems for other lobatolide derivatives [24], we tested three DFT combinations with available scaling factors on 1, namely, the mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p) [27], the mPW1PW91/6-311+G(2d,p) SMD/CHCl3//B3LYP/6-31+G(d,p) [27] and the mPW1PW91/6-311+G(2d,p) SMD/CHCl3//mPW1PW91/6-311+G(2d,p) SMD/CHCl3 [54] combinations, which were successfully utilized by us for other derivatives, recently [28,29,52,53]. The absolute configuration of the C-6, C-7 and C-10 chirality centers seems to be biosynthetically conserved in lobatine and related derivatives if applicable; thus, four possible diastereomers of 1 were considered with different configurations at the C-2 and C-8 chirality centers, namely, (2R,6R,7S,8R)-1, (2R,6R,7S,8S)-1, (2S,6R,7S,8R)-1 and (2S,6R,7S,8S)-1. The experimentally most plausible isomer, (2S,6R,7S,8R)-1, was denoted as isomer 1, (2R,6R,7S,8R)-1 as isomer 2, (2R,6R,7S,8S)-1 as isomer 3 and (2S,6R,7S,8S)-1 as isomer 4. The results obtained at the three combinations were contradictory (Table 2 and Tables S3–S5). While the mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p) level suggested isomer 2, the mPW1PW91/6-311+G(2d,p) SMD/CHCl3//B3LYP/6-31+G(d,p) level gave similarly good results for isomer 1 and isomer 2, and only isomer 4 yielded a considerably higher mean absolute error (MAE) value. The mPW1PW91/6-311+G(2d,p) SMD/CHCl3//mPW1PW91/6-311+G(2d,p) SMD/CHCl3 level gave similar results to mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p), preferring isomer 2 and rating isomer 1 the second best. The DP4+ [26] results suggested isomer 2 with two combinations and isomer 1 with 1 combination as the most plausible structure, but in the latter case, both isomer 2 and isomer 3 had considerable possibilities. It is important to note here, that ECD calculations allow exclusion of isomer 3 (vide infra).



Approach B



Parallel with approach A, we also performed a three-step test for a large number of DFT combinations with available NMR chemical shift parameters. In the first evaluation step, 79 combinations were selected from the CHESHIRE Chemical Shift Repository database as of 5 October 2018 [27,43,44,55,56,57]. Basically, all combinations were selected with available 13C NMR scaling factors that were developed with reference to experimental data measured in CDCl3 and either in gas-phase or based on Gaussian 09 solvent model calculations. (Solvent model implementations in previous versions of the software package were different; therefore, parameters developed with earlier versions are not comparable with calculations obtained by more recent versions). The scaling factors found in the CHESHIRE database are usually developed on a larger set of small, rigid but diverse organic compounds (e.g., a few dozens in Tantillo et al. [27] and Pierens [43] works). Since the CHESHIRE database did not contain the third combination applied in approach A, we supplemented the 79 combinations with the mPW1PW91/6-311+G(2d,p) SMD/CHCl3//mPW1PW91/6-311+G(2d,p) SMD/CHCl3 method. Thus the 80 combinations in total (see Table S1 in the Supplementary Materials) were tested for volenol (2) in the first step. The initial 24 MMFF conformers of (1R,5S,6S,7S,10R)-2 were optimized independently at all the given DFT optimization levels (Tables S30–S37) and chemical shifts were computed at the corresponding NMR levels with the GIAO method [58]. The resulting values were Boltzmann averaged and corrected according Equation 1 utilizing the corresponding scaling factors (Table S1). The resulting computed 13C NMR chemical shift values were compared with the experimental values of 2 [24,59]. Mean absolute error (MAE) values were calculated from the absolute differences of the calculated and experimental data (see Table S2 in the Supplementary Materials), and the methods were ranked according to their MAE values while taking also the maximum absolute errors (Δδmax) into account. The best performing four combinations were chosen for the second evaluation step, namely, mPW1PW91/6-31G(d)//M06-2X/6-31G(d), mPW1PW91/6-31G(d) SMD/CHCl3//M06-2X/6-31G(d), M06/6-31G(d)//B3LYP/6-31+G(d,p) and OPBE0/6-31G(d)//B3LYP/6-31+G(d,p). It is interesting to note, that none of the three combinations of approach A were among the best ones for 2.


δ = (Intercept − σ)/−Slope



(1)







In the second evaluation step, the four best performing combinations of the first step were tested for 8β-isovaleroyloxyreynosin (3) that contains two exomethylene moieties, one in a five-membered and one in a six-membered ring. Since 3 contains a chirality center at C-8 with the same substitution pattern as 1 and C-8 was one of the problematic chirality centers in 1, we aimed to differentiate the two C-8 epimers with the four NMR combinations. The calculations were performed similarly to 2 for the 65 and 92 initial MMFF conformers of (1R,5S,6R,7R,8R,10R)-3 and (1R,5S,6R,7R,8S,10R)-3, respectively. The resulting MAE and DP4+ values indicated the mPW1PW91/6-31G(d) SMD/CHCl3//M06-2X/6-31G(d) and the M06/6-31G(d)//B3LYP/6-31+G(d,p) methods to be better than the other two (Table 3 and Tables S6–S9). The mPW1PW91/6-31G(d)//M06-2X/6-31G(d) combination, which is similar to mPW1PW91/6-31G(d) SMD/CHCl3//M06-2X/6-31G(d) but lacks the solvent model in the NMR calculation step, showed less difference between the epimers, while the last OPBE0/6-31G(d)//B3LYP/6-31+G(d,p) combination yielded much larger MAE values than the others. Here we want to note that the DP4+ method was developed for 24 combinations utilizing only the B3LYP and mPW1PW91 functionals with various basis sets, and application of the method for chemical shifts calculated at considerably different combinations can be misleading [26,35]. Therefore, the DP4+ values of all other combinations are shown only for information and where contradictory, the MAE values should be considered.



In the third step, the best performing two combinations of step 2 were applied for the above four isomers of 1. While the mPW1PW91/6-31G(d) SMD/CHCl3//M06-2X/6-31G(d) combination showed the best agreement for isomer 1, it rated isomer 2 and isomer 3 with similar MAE values the second best. The M06/6-31G(d)//B3LYP/6-31+G(d,p) method rated isomer 4 and isomer 2 similarly good and yielded considerably higher MAE values for isomer 1 and isomer 3 (Table 4, Tables S10 and S11).



Approach C



The contradictory results indicate that flexibility of 1 can play a significant role in the low reproducibility of the chemical shift values. If we consider the widely available or the tested 80 combinations, it is obvious that almost all of them use classical (mostly B3LYP) functionals for DFT geometry optimization, and there is only one combination (mPW1PW91/6-311+G(2d,p) SMD/CHCl3//B3LYP/6-31+G(d,p) SMD/CHCl3) [27] in the CHESHIRE chemical shift database which also applies a solvent model for the optimization level [44]. The additionally tested functional (mPW1PW91/6-311+G(2d,p) SMD/CHCl3//mPW1PW91/6-311+G(2d,p) SMD/CHCl3) was not part of the database, perhaps due to the very limited reference compound set utilized for creating the chemical shift parameters [54]. Although for small and rigid molecules, which usually constitute the reference set of the NMR scaling parameters, the available level combinations seem to be sufficient, for flexible molecules, however, better performing functionals and consideration of the solvent effect also for the DFT optimization can be crucial to obtaining the low-energy conformers and estimate their Boltzmann populations correctly. To this end, we selected the ωB97XD functional [40,47,48] for DFT optimization level both in vacuo and with SMD solvent model for chloroform, and combined it with the well performing mPW1PW91 functional as an NMR calculation level with the same or no solvent model as in the corresponding DFT optimization step (Tables S38 and S39). As reference set, we have chosen 11 exomethylene containing molecules with different flexibilities (2, 4–13, Figure 2 and Figure S14) [23,24,59,60,61,62,63,64,65,66,67,68,69,70,71]. One of the molecules contained no chirality centers (12), one had only one chirality center (13), while the relative or absolute configuration of the others was known from the literature, secured by X-ray measurements, synthetic or biosynthetic considerations.



As Figure 3 shows, the computed 13C NMR data shows an excellent correlation with the experimental chemical shift data for the reference set at both level combinations. On the other hand, larger deviations were observed for the 1H shift values of a few protons in both cases. We investigated the most discordant cases, such as H-7 of 2, H-2 of 5, H-13a and b of 9 or H-4 of 4, but no better assignments could be found than those described in the literature. Unfortunately, some of these hydrogens are connected to a chirality center, which limits the application of the 1H chemical shift data as a solid proof. Accordingly, we will rely more on the better performing 13C parameters and the corrected shift values obtained by these if the results are contradictory.



The novel parameters were first tested back on 2 (Figure S11). The calculated chemical shifts of most carbons both in the gas phase and the SMD combination showed close agreement with the experimental values (Table 5 and Table 6). Only the exomethylene carbons exhibited larger deviations. However, most importantly, the carbons in the vicinity of the exomethylene moiety showed good correlation with the experimental data. The MAE values derived from the difference of the experimental and the computed 1H chemical shift data are relatively small (0.18 and 0.19), but larger differences were found for the H-3, H-8 and H-9 hydrogens, and H-7 showed a particularly large difference as this hydrogen was one of the most problematic in the reference set already (see Tables S12 and S13 in the Supplementary Materials).



Thereafter, the novel chemical shift parameters were also tested on the two above epimers of 3 (Figures S12 and S13). The computed 13C chemical shift data obtained with both the novel in vacuo and SMD level parameters favored the (1R,5S,6R,7R,8R,10R)-3 epimer, but the solvent model calculations showed substantially larger difference between the isomers and smaller MAE for the correct one (Table 7, Tables S14 and S15). In contrast to 2, the results of the 1H NMR chemical shift calculations at both levels gave excellent agreement for almost all protons of the correct isomer, and higher differences were found for some characteristic protons in the vicinity of the epimeric center in the wrong stereoisomer (see Tables S16 and S17 in the Supplementary Materials). That is, both the carbon and proton results favored the correct (1R,5S,6R,7R,8R,10R)-3 epimer at both novel combinations of levels.



Finally, the initial 133, 124, 252 and 201 MMFF conformers of the four possible stereoisomers of 1 were also re-optimized at the ωB97XD/6-31+G(d,p) and ωB97XD/6-31+G(d,p) SMD/CHCl3 levels (Figures S7–S10). NMR shift data were calculated for the conformers above 1% Boltzmann distribution at the mPW1PW91/6-311+G(2d,p) and mPW1PW91/6-311+G(2d,p) SMD/CHCl3 levels, respectively, and corrected with the novel parameters. The 13C data obtained at both combinations of levels favored isomer 1 (Table 8, Tables S18 and S19), while the 1H data suggested isomer 2 (see Tables S20 and S21 in the Supplementary Materials). As indicated above, the DP4+ statistical analysis gave unexpected results in contrast to the MAE values similar to the second combination in Table 3, due to the large difference in the combinations the method was originally developed for, and thus, the sDP4+ percentages were neglected.



Coupling constant calculations



To verify the result of the 13C data, homonuclear coupling constants were also calculated with the last SMD combination for key protons in the macrolide ring of the two favored stereoisomers (isomer 1 and isomer 2), and compared with the experimental values (Table 9). The results significantly preferred isomer 1 in line with the 13C calculations of approach C. Especially J1aH-2H and J2H-3H showed large differences between the calculated data of the two isomers and also in comparison with the experimental values, where isomer 1 reproduced the experimental data well. This also leads to the conclusion that the calculations better reproduced the conformation of the western part of the molecule than the eastern part, and that macrocycles are still a tough target to study even with otherwise well performing DFT functionals. At the suggestion of one of the reviewers, we tested the J-DP4 method [72] for the coupling constant data of the two isomers, resulting in a 98.21% probability for isomer 1. However, we have to indicate that similarly to the DP4+ method there are differences in the applied level and the level the method was developed for.



TDDFT-ECD calculations



To elucidate the absolute configuration and further verify the NMR results, TDDFT-ECD calculations [73,74,75] were performed on the MMFF conformers of the four possible isomers of 1. The initial conformers were re-optimized at the CAM-B3LYP/TZVP [76] PCM/MeCN level (Table S40) and rotatory strength values were computed at four different levels similarly to the recently described lobatolides [24]. While the Boltzmann average for three isomers (isomer 1, isomer 2 and isomer 4) gave acceptable agreement with the experimental ECD spectrum (the high wavelength n-π* transitions were reported to be hard to reproduce in several cases in the literature [77,78]), isomer 3 showed a mirror-image relationship (Figure 4). That is, assuming homochirality with the known lobatolides at the conserved chirality centers C-6 and C-7, isomer 3 can be excluded as a possible isomer, and accepting the results of the novel NMR combinations and the coupling constant calculations, the homochiral nature of 1 with the known lobatolides can be verified. Based on the above-described NMR and ECD calculations, the (2S,6R,7S,8R) absolute configuration was assigned for 1.



Antiproliferative activity



The antiproliferative activity of compound 1 was tested on three cervical cancer cell lines of different human papilloma virus (HPV) of different status (HeLa, SiHa, and C33A) and on non-cancerous (NIH/3T3 (mouse embryonic fibroblast) and MRC-5 (human fibroblast)) cell lines. Cisplatin was used as a positive control. Lobatolide H (1) showed remarkable growth-inhibitory effects against SiHa (IC50 2.82 µM) and C33A (IC50 4.43 µM) cells, whereas it exerted weak activity against HeLa (IC50 16.62 µM) cell line (Table 10). These results were comparable to that of the reference agent cisplatin. According to the calculated IC50 values on the two non-cancerous fibroblast cell lines, cancer selectivity could be determined. The best selectivity was obtained in the case of the Siha cells (SI = 5.26).



The most sensitive SiHa cell line was chosen to further investigate the possible mechanisms behind the antiproliferative effects, and cell-cycle analysis was performed. The cell-cycle analysis showed only slight differences in the distribution of cell cycle phases compared with the untreated control cells. After 24 h, 3 μM of compound 1 elicited a significant depression in the S phase population with no relevant change in other cell phases. After a longer exposure (72 h), the sub G1 population had grown significantly but to a modest extent when treated with 3 μM (Figure 5).



Based on the results of the antiproliferative assay, compound 1 was additionally investigated for its antimetastatic activity. A wound healing assay was performed on the SiHa cell line in 1.5 µM and 3.0 µM concentrations.



Treatment with compound 1 resulted in no significant reduction in the migration of cervical cancer cells (Figure 6). A longer exposure, however, elicited a substantial and concentration-dependent decrease in the closure of the cell-free area, which indicates the inhibition of migration of the treated cells.




3. Materials and Methods


3.1. General Procedures


The high-resolution MS spectra were acquired on a Thermo Scientific Q-Exactive Plus orbitrap mass spectrometer equipped with an ESI ion source in positive ionization mode. The samples were dissolved in MeOH. Data acquisition and analysis were accomplished with Xcalibur software version 2.0 (Thermo Fisher Scientific). A Bruker Avance DRX 500 spectrometer (500 MHz (1H) and 125 MHz (13C)) was used for recording the NMR spectra. The signals of the deuterated solvent CDCl3 were taken as the reference. 2D NMR data were acquired and processed with standard Bruker software TopSpin 3.6.1. Gradient-enhanced versions were used in the 1H–1H COSY, HSQC and HMBC experiments. Optical rotations were determined in CHCl3 by using a Perkin-Elmer 341 polarimeter. UV and ECD spectra were recorded on a JASCO J-810 spectropolarimeter.



For column chromatography (CC), polyamide (MP Polyamide, 50–160 μm, MP Biomedicals, Irvine, CA, USA) and silica gel (Kieselgel 60, 63–200 μm, Merck, Darmstadt, Germany) were used. Preparative thin-layer chromatography (prep. TLC) was carried out using RP-18 (F254s, Merck) pre-coated plates.




3.2. Plant Material


Neurolaena lobata (L.) R.Br. ex Cass. (Asteraceae) was collected by R. Diaz, and R. O. Frisch (Institute for Ethnobiology, Playa Diana, GT-170 San José/Petén, Guatemala), in the flowering period, in the area of the Chakmamantok rock formation (16 59′16″ N, 89 53′45″ W) in San José, Guatemala. A voucher specimen (No. 813) has been deposited at the Herbarium of Department of Pharmacognosy, University of Szeged, Szeged, Hungary.




3.3. Extraction and Isolation


The dried and ground material from the aerial parts of the plant (3.00 kg) was percolated with MeOH (50 L) at room temperature. The extract was concentrated under reduced pressure and solvent–solvent partition was performed with 5 × 1 L petroleum ether (A), 5 × 1 L of CH2Cl2 (B), and finally with 5 × 1 L of EtOAc (C). The CH2Cl2 phase (95.4 g) was separated on a polyamide column (287 g) with mixtures of MeOH and H2O (1:4, 2:3, 3:2 and 4:1, 3 L of each) as eluents to afford seven fractions (BI–BVII). Fraction BIII (7.6 g) obtained from the polyamide column with MeOH–H2O (3:2) was subjected to silica gel VLC, using a gradient system of cyclohexane–EtOAc–EtOH (from 30:5:0 to 30:30:2) to yield 10 fractions (BIII/1–10). Fraction BIII/8 (0.6 g) was rechromatographed on VLC with a gradient system of cyclohexane–EtOAc–EtOH (from 3:1:0 to 30:30:3) and 10 subfractions (BIII/8/1–10) were obtained. Purification of subfraction BIII/8/8 by preparative RP-TLC (MeOH–H2O 7:3) resulted in the isolation of compound 1 (28.7 mg).




3.4. Physical Characteristics of the New Compound


Lobatolide H (1): a yellow gum; [α]27D +31 (c 0.1, CHCl3); UV (MeCN, λmax (nm)) 204sh, <190; ECD (MeCN, λ (nm) (Δε), c 6.65 × 10−4 M): 263 (-0.87), 219 (+10.73), 206sh (+6.41); 1H NMR and 13C NMR data, see Table 1; HRESIMS m/z 349.2012 [M + H]+ (calcd. for C20H29O5, 349.2015).




3.5. Computational Section


Mixed torsional/low-mode conformational searches were carried out by means of the Macromodel 10.8.011 software using the MMFF with an implicit solvent model for CHCl3 and applying a 21 kJ/mol energy window [79]. Geometry re-optimizations of the resultant conformers (CAM-B3LYP/TZVP PCM/MeCN for the ECD calculations, ωB97XD/6-31+G(d,p) in vacuo and ωB97XD/6-31+G(d,p) SMD/CHCl3 for the novel NMR parameters, see Table S1 for tests of the 80 NMR combinations), TDDFT-ECD (B3LYP/TZVP PCM/MeCN, BH&HLYP/TZVP PCM/MeCN, CAM-B3LYP/TZVP PCM/MeCN and PBE0/TZVP PCM/MeCN), and DFT-NMR calculations (mPW1PW91/6-311+G(2d,p) in vacuo and mPW1PW91/6-311+G(2d,p) SMD/CHCl3 for the novel NMR parameters, see Table S1 for test of the 80 NMR combinations) were performed with the Gaussian 09 package [80,81,82]. ECD spectra were generated as sums of Gaussians with 3000 cm−1 width at half-height, using dipole-velocity-computed rotational strength values [83]. Computed NMR shift data were corrected with the scaling factors listed in Table S1 or determined in the current work. Boltzmann distributions were estimated from the DFT energies. Visualization of the results was performed by the MOLEKEL 5.4 software package [84].




3.6. Antiproliferative MTT Assay


The antiproliferative effects of the isolated compounds were determined in vitro using SiHa (HPV 16+), HeLa (HPV 18+), and C33A (HPV negative) human cervical cell lines, and NIH-3T3 mouse embryonic and MRC-5 human fibroblast cells by means of the MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]) assay. Briefly, a limited number of human cancer cells (5000/well for the SiHa and HeLa cells, 10,000/well in the case of C33A cells) were seeded onto a 96-well microplate and became attached to the bottom of the well overnight. On the second day of the procedure, the test substances were added in two concentrations (10.0, 30.0 µM) in order to obtain preliminary data and then the compounds were applied in serial dilutions (the final concentrations were 0.1, 0.3, 1.0, 3.0, 10.0 and 30.0 µM). After an incubation period of 72 h, the living cells were assayed by the addition of 20 µL of 5 mg/mL MTT solution. After a 4 h incubation, the medium was removed, and the precipitated formazan was dissolved in 100 µL/well of DMSO during a 60 min period of shaking. Finally, the reduced MTT was assayed at 545 nm, using a microplate reader. Untreated cells were taken as the negative control, and cisplatin (Ebewe Pharma GmbH, Unterach, Austria) was used as a reference active compound. All the cell lines were purchased from the European Collection of Cell Cultures (Salisbury, UK). Stock solutions (10 mM) of the tested compounds were prepared with DMSO. The highest DMSO concentration (0.3%) of the medium did not have any substantial effect on the cell proliferation. All in vitro experiments were carried out on two 96-well dishes with at least five parallel wells [24,85].




3.7. Cell Cycle Analysis by Flow Cytometry


Cellular DNA content was determined by means of flow cytometric analysis, using a DNA-specific fluorescent dye, propidium iodide (PI). The SiHa cells were seeded in 6-well plates and cultured overnight. The cultured cells were treated with various concentrations (1.5 or 3.0 µM) of the tested compound for 24 h or 72 h. The medium was then removed, and the cells were washed with phosphate-buffered saline (PBS) and trypsinized. The harvested cells were suspended in medium and centrifuged at 1500 rpm for 15 min at 4 °C. The supernatant was then removed and the cells were resuspended in 1 mL of PBS. After the second centrifugation, 1 mL of −20 °C 70% EtOH was added dropwise to the cell pellet. The cells were stored at −20 °C until DNA staining. On the day of measurement, the samples were washed with PBS and suspended in 1 mL of DNA staining buffer containing PI, ribonuclease-A, Triton-X and sodium citrate. After incubation for 1 h at room temperature, protected from light, the samples were analyzed with a Partec CyFlow instrument (Partec GmbH, Münster, Germany). For each experiment, 20,000 events were counted, and the percentages of the cells in the different cell-cycle phases (subG1, G1, S and G2/M) were determined by means of ModFit LT software 3.3.11 (Verity Software House, Topsham, ME, USA) [86,87,88].




3.8. Wound Healing Assay


In order to assess the antimetastatic activity of the tested compound, a wound healing assay was performed. The assay was performed with specific wound healing assay chambers (Ibidi GmbH, Martinsried, Germany). SiHa cells were collected and 35,000 cells were seeded into both chambers of the insert. The cells were left to attach to the plate surface during an overnight incubation at 37 °C in 5% CO2 atmosphere and then the inserts were removed. Cell debris was removed by a washing step with PBS. Test compounds were added to the wells in increasing concentrations in 2% FBS containing medium for 24 and 48 h. Migration of the cells into the wound site was visualized by a phase-contrast inverted microscope (Axiovert 40, Zeiss, Thornwood, NY, USA). The images were taken with CCD camera at defined intervals and the migration of the cells was calculated as the ratio of wound closure using ImageJ software 1.53a [89].




3.9. Statistical Analysis


Statistical analysis of the obtained data was performed by analysis of variance (ANOVA) followed by Dunnett’s test. All analyses were performed with GraphPad Prism 5 (GraphPad Software; San Diego, CA, USA).





4. Conclusions


A new flexible, biologically active germacranolide (1, lobatolide H) was isolated from the aerial parts of Neurolaena lobata. In order to elucidate the relative configuration of the two problematic chirality centers, a large number of known NMR shift parameters with the corresponding theoretical level combinations were tested, and novel parameters were also developed. Although several methods were found among the existing ones which performed well for the rigid test molecules, also verifying the relative configuration of 3 at C-8 that was recently found to be problematic with standard DFT-NMR methods [24], the flexibility of 1 required the development of novel combinations with newer DFT functionals and solvent models, also in the geometry optimization step. The novel 13C parameters combined with the coupling constant and TDDFT-ECD calculations allowed elucidation of the relative and absolute configuration of 1. This example is a warning that similar to ECD [74,90], one should be careful with the DFT optimization level applied for NMR shift calculations of flexible compounds (Tables S22–S29). A novel type functional and solvent model or an independent verification of the results is recommended, if possible. Concerning the anticancer properties of 1, the antiproliferative action determined on cervical cancer cells is comparable to that of the reference agent cisplatin with less pronounced action against non-cancerous cells. The modest treatment-related change in the cell-cycle distribution of the exposed cells provides limited information on the mechanism of the action, but the increase in the hypodiploid (sub G1) population indicates induction of apoptosis. Moreover, the compound inhibits the migration of SiHa cells in a concentration-dependent way, which may be the base of its antimetastatic action.
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Figure 1. Structures of the novel compound (1) and the known NMR test compounds (2, volenol, and 3, 8β-isovaleroyloxyreynosin) isolated from N. lobata. Blue indicates the problematic chirality centers. 
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Figure 2. Structures of the compounds considered only in the reference set of the novel NMR shift methods: 3-deoxy-1,2;5,6-di-O-isopropylidene-3-C-methylene-α-D-ribo-hexofuranose (4), methyl 5-deoxy-2,3-O-isopropylidene-β-D-erythro-pent-4-enofuranoside (5), bicyclomycin (6), 1α,4β-dihydroxy-8α-acetoxy-guaia-2,10(14),11(13)-triene-6,12-olide (7), mexicanin I (8), neurolenin A (9), swinhoeisterol F (10), lobatolide A (11), 3-methylenecyclopent-1-ene (12), 4-isopropyl-1-methyl-3-methylenecyclohex-1-ene (13). 
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Figure 3. Correlation plots for computed 13C and 1H NMR data for the reference set: (a) 13C gas phase, (b) 13C SMD, (c) 1H gas phase and (d) 1H SMD. 
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Figure 4. Comparison of the experimental ECD spectrum of 1 with the calculated spectra obtained at various levels of theory for the (a) 16 low-energy CAM-B3LYP/TZVP PCM/MeCN conformers of isomer 1, (b) 10 low-energy CAM-B3LYP/TZVP PCM/MeCN conformers of isomer 2, (c) 22 low-energy CAM-B3LYP/TZVP PCM/MeCN conformers of isomer 3, and (d) 25 low-energy CAM-B3LYP/TZVP PCM/MeCN conformers of isomer 4. 
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Figure 5. Cell cycle distributions of SiHa cells after treatment with compound 1 for 24 (upper panel) or 72 h (lower panel). Distribution of cell populations in different cell cycle phases. * and ** indicate p < 0.05 and p < 0.01, respectively, by means of one-way ANOVA followed by Dunnett’s post hoc test. 
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Figure 6. Wound healing assay. Effect of compound 1 on the migration of SiHa cancer cells after 24 and 48 h of incubation (left and right upper panels, respectively). ** and *** indicate p < 0.01 and p < 0.001, respectively, by means of one-way ANOVA followed by Dunnett’s post hoc test. Lower panel: representative images of reduced wound healing at 0, 24 and 48 h post-treatment. 
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Table 1. 1H and 13C NMR data of compound 1 in CDCl3 (δ in ppm, mult. J in Hz).






Table 1. 1H and 13C NMR data of compound 1 in CDCl3 (δ in ppm, mult. J in Hz).










	Position
	1H
	13C





	1a
	2.72 dd (11.0, 5.9)
	48.6



	1b
	2.07 m
	



	2
	4.75 td (9.8, 5.9)
	69.2



	3
	5.25 d (9.8)
	133.9



	4
	-
	135.1



	5a
	2.76 dd (14.3, 5.1)
	44.0



	5b
	2.32 dd (14.3, 1.6)
	



	6
	5.76 brd (5.1)
	70.8



	7
	2.93 d (7.9)
	52.9



	8
	5.50 t (9.9, 7.9)
	75.3



	9
	4.98 brd (9.9)
	129.3



	10
	-
	142.7



	11
	-
	136.4



	12
	-
	169.4



	13a
	6.30 d (3.2)
	121.2



	13b
	5.60 d (3.2)
	



	14
	1.79 s
	18.7



	15
	1.53 s
	20.0



	8-iVal
	
	



	1′
	-
	171.8



	2′
	2.15–2.17 m (2H)
	43.3



	3′
	2.05 m
	25.4



	4′
	0.92 d (6.2)
	22.3



	5′
	0.90 d (6.3)
	22.3
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Table 2. MAE and DP4+ results calculated from the 13C isotropic shielding constants of the four possible diastereomers of 1 vs. the experimental data of the naturally occurring 1 determined by three usually well performing combinations of theoretical levels.
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	NMR Level//DFT Optimization Level
	MAE (Isomer 1; Isomer 2; Isomer 3, Isomer 4)
	sDP4+ (Isomer 1; Isomer 2; Isomer 3, Isomer 4)





	mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p)
	2.32; 2.10; 2.57; 2.49
	5.28%; 93.00%; 0.25%; 1.47%



	mPW1PW91/6-311+G(2d,p) SMD/CHCl3//B3LYP/6-31+G(d,p)
	2.06; 2.07; 2.16; 2.34
	55.91%; 30.41%; 12.46%; 1.22%



	mPW1PW91/6-311+G(2d,p) SMD/CHCl3//mPW1PW91/6-311+G(2d,p) SMD/CHCl3
	2.15; 1.89; 2.38; 2.41
	3.40%; 96.26%; 0.19%; 0.16%










[image: Table] 





Table 3. MAE and DP4+ results calculated from the 13C isotropic shielding constants of the 8-epimers of 3 vs. the experimental data of naturally occurring 3 determined by the four best performing combinations of theoretical levels.
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	NMR Level//DFT Optimization Level
	MAE [(8R)-Epimer; (8S)-Epimer]
	sDP4+ [(8R)-Epimer; (8S)-Epimer]





	mPW1PW91/6-31G(d)//M06-2X/6-31G(d)
	1.63; 1.68
	(69.35%; 30.65%)



	mPW1PW91/6-31G(d) SMD/CHCl3//M06-2X/6-31G(d)
	1.40; 1.54
	(93.58%; 6.42%)



	M06/6-31G(d)//B3LYP/6-31+G(d,p)
	1.68; 2.01
	(99.13%; 0.87%)



	OPBE0/6-31G(d)//B3LYP/6-31+G(d,p)
	1.93; 2.35
	(99.79%; 0.21%)
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Table 4. MAE and DP4+ results calculated from the 13C isotropic shielding constants of the four possible diastereomers of 1 vs. the experimental data of naturally occurring 1 determined by the two best performing combinations of theoretical levels.
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	NMR Level//DFT Optimization Level
	MAE (Isomer 1; Isomer 2; Isomer 3, Isomer 4)
	sDP4+ (Isomer 1; Isomer 2; Isomer 3, Isomer 4)





	mPW1PW91/6-31G(d) SMD/CHCl3//M06-2X/6-31G(d)
	2.42; 2.59; 2.62; 2.85
	(90.66% 3.14% 5.16% 1.04%)



	M06/6-31G(d)//B3LYP/6-31+G(d,p)
	3.12; 2.83; 3.19; 2.76
	(2.54%; 69.71%; 9.58%; 18.17%)
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Table 5. Test of the mPW1PW91/6-311+G(2d,p)//ωB97XD/6-31+G(d,p) level 13C parameters for 2.
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	Numbering
	δExp (ppm)
	δCalc (ppm)
	Δδ (ppm)





	C-1
	79.28
	78.78
	0.50



	C-2
	32.17
	31.26
	0.91



	C-3
	35.34
	36.89
	1.55



	C-4
	146.48
	152.97
	6.49



	C-5
	56.15
	56.06
	0.09



	C-6
	67.25
	64.33
	2.92



	C-7
	49.59
	48.55
	1.04



	C-8
	18.43
	19.65
	1.22



	C-9
	36.55
	35.90
	0.65



	C-10
	41.93
	44.33
	2.40



	C-11
	26.26
	27.81
	1.55



	C-12
	21.32
	19.60
	1.72



	C-13
	16.44
	15.72
	0.72



	C-14
	11.82
	10.57
	1.25



	C-15
	108.03
	105.99
	2.04



	MAE
	N/A
	N/A
	1.67
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Table 6. Test of the mPW1PW91/6-311+G(2d,p) SMD/CHCl3//ωB97XD/6-31+G(d,p) SMD/CHCl3 level 13C parameters for 2.
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	Numbering
	δExp (ppm)
	δCalc (ppm)
	Δδ (ppm)





	C-1
	79.28
	77.99
	1.29



	C-2
	32.17
	31.72
	0.45



	C-3
	35.34
	36.68
	1.34



	C-4
	146.48
	152.90
	6.42



	C-5
	56.15
	55.65
	0.50



	C-6
	67.25
	64.65
	2.60



	C-7
	49.59
	48.49
	1.10



	C-8
	18.43
	19.48
	1.05



	C-9
	36.55
	35.92
	0.63



	C-10
	41.93
	44.70
	2.77



	C-11
	26.26
	28.01
	1.75



	C-12
	21.32
	19.80
	1.52



	C-13
	16.44
	15.27
	1.17



	C-14
	11.82
	11.13
	0.69



	C-15
	108.03
	104.29
	3.74



	MAE
	N/A
	N/A
	1.80
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Table 7. MAE and DP4+ results calculated from the 13C isotropic shielding constants of the 8-epimers of 3 vs. the experimental data of naturally occurring 3 determined by the two novel combinations.
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	NMR Level//DFT Optimization Level
	MAE [(8R)-Epimer; (8S)-Epimer]
	sDP4+ [(8R)-Epimer; (8S)-Epimer]





	mPW1PW91/6-311+G(2d,p)//ωB97XD/6-31+G(d,p)
	1.82; 1.87
	(66.38%; 33.62%)



	mPW1PW91/6-311+G(2d,p) SMD/CHCl3//ωB97XD/6-31+G(d,p) SMD/CHCl3
	1.60; 1.91
	(99.26%; 0.74%)
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Table 8. MAE results calculated from the 13C isotropic shielding constants of the four possible diastereomers of 1 vs. the experimental data of naturally occurring 1 determined by the two novel combinations.
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	NMR Level//DFT Optimization Level
	MAE (Isomer 1; Isomer 2; Isomer 3, Isomer 4)





	mPW1PW91/6-311+G(2d,p)//ωB97XD/6-31+G(d,p)
	2.33; 2.48; 2.58; 3.11



	mPW1PW91/6-311+G(2d,p) SMD/CHCl3//ωB97XD/6-31+G(d,p) SMD/CHCl3
	2.26; 2.42; 2.48; 3.23
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Table 9. Comparison of the experimental and computed coupling constant values of isomer 1 and isomer 2 of 1 vs. the experimental data of naturally occurring 1 determined by the mPW1PW91/6-311+G(2d,p) SMD/CHCl3//ωB97XD/6-31+G(d,p) SMD/CHCl3 level. Jin indicates the coupling constant data of isomer n.
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	Coupling Atoms
	JExp (Hz)
	Ji1 (Hz)
	Ji2 (Hz)
	ΔJi1
	ΔJi2





	1aH-2H
	5.90
	6.62
	0.93
	0.72
	4.97



	2H-3H
	9.80
	10.08
	6.51
	0.28
	3.29



	5aH-6H
	5.10
	6.58
	2.82
	1.48
	2.28



	7H-8H
	7.90
	4.33
	3.28
	3.57
	4.62



	8H-9H
	9.90
	7.36
	8.73
	2.54
	1.17



	MAE
	
	
	
	1.72
	3.27
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Table 10. Antiproliferative activity (IC50 values) of compound 1. The selectivity indices (SI) were calculated as the ratio of the IC50 value in the non-tumor cells and the IC50 in the cancer cell lines. The compound’s activity towards cancer cells is considered as strongly selective if the selectivity index (SI) value is higher than 6, moderately selective if 3 < SI < 6, slightly selective if 1 < SI < 3, and non-selective if SI is lower than 1.






Table 10. Antiproliferative activity (IC50 values) of compound 1. The selectivity indices (SI) were calculated as the ratio of the IC50 value in the non-tumor cells and the IC50 in the cancer cell lines. The compound’s activity towards cancer cells is considered as strongly selective if the selectivity index (SI) value is higher than 6, moderately selective if 3 < SI < 6, slightly selective if 1 < SI < 3, and non-selective if SI is lower than 1.





	
Compound

	
IC50 Values (µM)

[95% CI]




	
HeLa

	
C33A

	
SiHa

	
NIH-3T3

	
MRC-5






	
1

	
16.62

[14.55–18.99]

	
4.43

[3.62–5.43]

	
2.82

[2.40–3.32]

	
13.05

[11.44–14.90]

	
14.82

[13.90–15.80]




	
cisplatin

	
12.14

[10.18–14.46]

	
5.85

[5.37–6.38]

	
4.29

[3.72–4.95]

	
5.49

[4.76–6.35]

	
5.17

[3.88–6.89]




	
SI for 1

NIH-3T3/cell line

	
0.79

	
2.95

	
4.63

	

	




	
SI for 1

MRC-5/cell line

	
0.89

	
3.35

	
5.26
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