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A B S T R A C T

Klebsiella pneumoniae is a potent human pathogen and a prevalent ESKAPE (Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, 
and Enterobacter species). Considerably, K. pneumoniae becomes a major clinical problem due to 
numerous AMR genes [extended-spectrum β-lactamase, plasmid-mediated AmpC, carbapene-
mases, tigecycline resistance, and New Delhi Metallo-β-lactamase-1 (NDM-1)] and can hydrolyze 
the majority of β-lactam antibiotics. Hence, targeting NDM-1 could be an effective approach to 
eradicate K. pneumoniae pathogenesis. A plethora of reports suggests that the plant compounds 
possess an anti-microbial activity and their utilization could be a promising strategy to develop 
novel antibiotics. Our study utilized the hydromethanolic leaves extract of Acorus calamus L. (AC) 
to target NDM-1 containing K. pneumonia using an in silico approach. At first, we determined the 
phytochemical composition of AC using GC-HRMS. Further, the phytoconstituents were screened 
against the NDM-1 (PDB ID: 3ZR9) of K. pneumoniae through molecular docking studies. Our 
results revealed the compounds from AC such as (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13- 
tetramethylspiro[5-oxapentacyclo[10.8.0.02,9.04,8.013,18]icos-1(12)-ene-6,2′-oxane]-11-one 
(− 9.5 kcal/mol), 4,4,5,8-tetramethyl-2,3-dihydrochromen-2-ol (− 6.6 kcal/mol), 5-chloro-2-(2,4- 
dichloro phenoxy)phenol (− 6.0 kcal/mol), [(3S,3aS,6R,6aS)-3-nitrooxy-2,3,3a,5,6,6a- 
hexahydrofuro[3,2-b]furan-6-yl] nitrate (− 5.7 kcal/mol), 4-(3-hydroxyprop-1-enyl)-2-methox-
yphenol (− 5.6 kcal/mol), and (E)-3-(2,4-dimethoxyphenyl)prop-2-enoic acid (− 5.6 kcal/mol) 
possess substantial docking scores against NDM-1. Therefore, our study concludes that phyto-
chemicals of AC may inhibit NDM-1-mediated resistance in K. pneumoniae and could be an 
alternative therapeutic strategy for targeting NDM-1-containing K. pneumoniae.
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1. Introduction

K. pneumoniae is a pathogen that causes pneumonia, severe infections, and human sepsis [1]. It is a ubiquitous, gram-negative, 
encapsulated, non-motile, rod-shaped, lactose fermenting, and facultative anaerobic bacterium that belongs to the Enterobacteri-
aceae family [2,3]. It is a resident and transient flora of the gastrointestinal tract and is also found in sewage, soil, industrial effluents, 
drinking water, polluted surface water, and vegetation [4]. K. pneumoniae is responsible for hospital-acquired infections (HAI) in the 
urinary tract, bloodstream, and neonates and also causes pyogenic liver abscesses and meningitis [5,6].

Infections of K. pneumoniae are generally eradicated by utilizing various antibiotic classes such as cephalosporins, aminoglycosides, 
fluoroquinolones, and carbapenems. However, the misutilization of these antibiotics for more than seven decades resulted in the 
development of antimicrobial resistance (AMR) which could be the major challenge for effective therapeutics against pathogens [7]. 
AMR is an outcome of any one or combination of complex mechanisms such as inactivating drugs, activating efflux signaling, limiting 
drug uptake, and modifying drug targets [8]. Furthermore, continuous exposure to antibiotics leads to AMR phenotypes in microbes 
[9,10]. The increasing incidences of MDR (multidrug-resistant) and XDR (extremely drug-resistant) pathogens of the Enterobacteri-
aceae family have become an alarming. Additionally, these infections account for higher rates of mortality in patients [11]. In the 
current scenario, multi and extreme drug-resistant K. pneumoniae variants belong amidst the deadly ESKAPE (Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) [12]. These 
ESKAPE pathogens adopt AMR owing to horizontal gene transfer directed by the plasmids or mobile gene elements [13].

Numerous β-lactam antibiotics are known to target K. pneumoniae due to their broad-spectrum activity, higher efficiency, and lower 
toxicity. However, due to the overuse of these antibiotics, K. pneumoniae develops diverse drug-resistance mechanisms to β-lactam 
antibiotics [14]. Several β-lactam resistance genes such as extended-spectrum β-lactamase gene, plasmid-mediated AmpC genes, 
carbapenemases, tigecycline resistance genes, and blaNDM gene have been found in K. pneumoniae [15]. blaNDM gene encodes for all the 
variants of New Delhi Metallo-β-lactamases. Among all NDM variants NDM-1, NDM-4, NDM-5, and NDM-7 have been found dominant 
in Indian sub-continent [16]. The blaNDM-1 gene containing K. pneumoniae has recently been reported as a ‘superbug’ [17]. NDM-1 
belongs to B1 β-lactamases and can hydrolyze most β-lactam antibiotics. It spreads quickly between the same or different species 
[18]. The structure of NDM-1 is typical to metallo-hydrolase/oxidoreductase superfamily with their distinct αβ/βα sandwich fold. 
NDM-1 has a narrow active site groove consisting of divalent zinc ions surrounded by a flexible hairpin loop structure. Both the zinc 
ions stabilize the enzyme-substrate complex (NDM-1-Antibiotic complex) and promote hydrolysis. The process of hydrolysis leads to 
the cleavage of the C-N bond of core β-lactam ring [19]. Likewise, NDM-1 hydrolyses almost all β-lactam antibiotics. Major antibiotics 
include carbapenem and cephalosporins regarded as last-resort antibiotics to prevent the infection of K. pneumoniae [20,21]. The 
NDM-1-containing K. pneumoniae is the major organism responsible for the higher mortality rate [22]. The risk of death for 
carbapenem-resistant K. pneumoniae patients was approximately three times higher than that of carbapenem-sensitive K. pneumoniae 
patients [23]. Currently, no inhibitors have been reported for clinical use against NDM-1-mediated infection caused by K. pneumoniae 
[18]. Thus, extensive research to identify potent metallo-β-lactamases inhibitors is the need of an hour. In line, the deprived discovery 
rate of novel antibiotics and active molecules is compelling for developing alternative therapeutic strategies. Utilization of phyto-
chemicals as an antimicrobial agent could be a promising approach in the face of the incompetence of available drugs [24]. Plants 
produce secondary metabolites such as phenolics, alkaloids, flavonoids, terpenoids, glycosides, and sulfur-containing compounds 
possessing significant pharmacological activity and are presumed to combat the AMR crisis [25].

Indian plants have been studied for multifarious therapeutic applications including antimicrobial activities. Moreover, the World 
Health Organization (WHO) has published guidelines in support of the utilization of plants and their parts for therapeutic regime 
design [26]. In recent years, many Indian plants have been under study for their antimicrobial potential and drug discovery. In our 
study, we have investigated the antimicrobial potential of Acorus calamus L. (AC) (also known as sweet flag or “calamus”) leaves 
extract. AC is classified under the Acorales order and Acoraceae family and is known for its therapeutic applications [27,28]. AC leaves 
and rhizomes are reported to treat cough, fever, digestive disorder, asthma, and bronchitis [29]. It contains 1,2,4-trimethoxy-5-[(E)--
prop-1-enyl]benzene and 1,2,4-trimethoxy-5-[(Z)-prop-1-enyl]benzene which have been reported for anti-microbial, insecticidal, 
anti-cancer, anti-ulcer, immunosuppressive, anti-inflammatory, anti-diabetic, anti-hepatotoxic and antioxidant activities [30–33].

In our study, we identified the phytochemical compounds present in AC through GC-HRMS and analyzed their interaction with 
NDM-1 by molecular docking studies, which eventually decide the potency of the compounds of AC to inhibit NDM-1.

2. Materials and methods

2.1. Collection of plant material

A. calamus L. leaves were collected from Anand, Gujarat, India, spanning from March to September. The entire plant (Voucher 
specimen ACRBS01) was deposited at the herbarium of Department of Biosciences at Sardar Patel University [33].

2.2. Plant extract preparation

The collected leaves were rinsed with water, air-dried under shade, ground into powder, sieved, and stored in a container at 4 ◦C. 
The mixture of plant powder (10 g) and 80 % methanol (100 ml) was prepared and incubated for 24 h at room temperature. Thereafter, 
the extract was filtered using Whatmann filter paper and spun at 2500 rpm for 20 min. The supernatant was collected and stored at 
4 ◦C. Percentage yield was calculated by formula (B/A) x 100, B represents the weight of powder after extraction and A represents the 
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weight of powder before extraction [34].

2.3. Phytochemical analysis

Hydromethanolic extract of AC was subjected to various phytochemical analyses to assess the content of alkaloids, glycosides, 
flavonoids, phenols, saponins, lignins, sterols, anthraquinones, and tannins in leaves using standard procedures [35–37].

2.4. Quantification of total flavonoids

The total flavonoid content of AC was determined by the method described earlier [38]. Flavonoids were measured using 200 μl of 
AC extract mixed with 5 % NaNO2, 10 % AlCl3 6H2O, and 1 M NaOH at 510 nm. The Quercetin (25–500 mg/ml) was used as a standard.

2.5. Determination of antioxidant activities

2.5.1. Superoxide scavenging activity
Superoxide activity of AC was determined as described earlier [33]. 2 ml NBT (25 μM), 2 ml NADH (39 μM), and a sample solution 

of extract (10–500 μg/ml) in distilled water should be added to a Tris-HCl buffer (6 ml, 8 mM, pH 8.0). 2 ml of PMS solution (0.5 μM) 
was added to the mixture to begin the reaction. After incubating the reaction mixture at 25 ◦C for 5 min, the absorbance was measured 
at 560 nm and compared to the control. The control group was ascorbic acid. The reaction mixture’s lower absorbance indicated that it 
was better at scavenging superoxide anion.

2.5.2. Hydrogen peroxide radical scavenging activity
The Hydrogen peroxide radical scavenging activity of AC was determined as described earlier [39]. The extract’s capacity to 

scavenge hydrogen peroxide (H2O2) was determined. In phosphate buffer at pH 7.4, a 40 mM hydrogen peroxide solution was pre-
pared. A UV–visible spectrophotometer was used to determine hydrogen peroxide level by measuring absorbance at 230 nm. The 
extracts (10–500 μg/ml) in distilled water were added to a hydrogen peroxide solution after 10 min, and the absorbance at 230 nm was 
compared to a blank solution containing just phosphate buffer and no hydrogen peroxide. Ascorbic acid was used as a standard.

2.6. Compounds identification by GC-HRMS

The Photochemical compounds of AC were identified by GC-HRMS analysis at SAIF, IIT-Bombay, India. The 20:80 split injection 
mode was used in the Agilent GC-MS system for better separation. The NIST Library was used to identify the chemicals after they had 
been separated using the traditional procedure using the HP5 capillary column.

2.7. In silico molecular docking studies

The flexible docking was performed by taking NDM-1 as a target and phytoconstituents of A. calamus as ligands. The three- 
dimensional structure of the NDM-1 (PDB ID: 3ZR9) was retrieved from Protein Data Bank (https://www.rcsb.org/) and modified 
by removing water molecules and addition of polar hydrogen atoms followed by the addition of Kollaman charge using AutoDockTools 
(Version 1.5.7). The modified NDM-1 structure was saved in.pdbqt format and used for docking studies. The native structures of the 
ligands were retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) in SDF format (.sdf) which was subsequently 
converted into the PDB format in PyMOL (Version 2.5). Thereafter, the ligands were prepared for molecular docking study in Auto-
DockTools (Version 1.5.7) and saved in.pdbqt format. Further, the structure of NDM-1 and respective ligands (.pdbqt format) was 
retrieved in the AutoDockTools (Version 1.5.7). After that, a grid box was prepared using a grid map of 40 × 40 × 40 Å points with a 
spacing of 0.375 Å. The values of the x center, y center, and z center of the grid box were 26.887, 10.935, and 17.058 Å respectively. 
The energy range and exhaustiveness value were 4 and 8 respectively. 31 ligands (23 compounds identified from hydromethanolic 
extract of AC leaves and 8 standard antibiotics which were used as controls) were docked with enzyme NDM-1 by using AutoDock 4.2.

AutoDock 4.2 and Graphical user interface AutoDockTools has proven to be an effective tool for accurately predicting the binding 
energy and conformation of protein-ligand complexes. The algorithm used for docking is Lamarckian Genetic Algorithm (LGA) and 
empirical free energy scoring function. This algorithm provides reproducible docking results for ligands with approximately 10 flexible 
bonds and predicted energy. For ligand sampling, a stochastic algorithm was used. We used multiple parameters of Lamarckian GA 
such as 31 independent runs with a population size of 150, a maximum number of 25 × 105 energy evaluations, the maximum number 
of generations simulated was 27000, an individual is guaranteed to survive into the next generation, mutation rate, and crossover rate 
were 0.02 and 0.80 respectively, 10 generations were taken into consideration when deciding the threshold for the worst individual in 
the current population. AutoDock 4.2 is effective for systems with approximately 10 torsional degrees of freedom as systems with more 
torsional flexibility may not give reliable results. All the conformations are evaluated based on scoring function in the form of binding 
energy required for ligand-protein interactions. The process of determining a particular pose into NDM-1 was based on the number of 
favourable intermolecular interactions such as hydrogen bonds, van der Waals interaction, and hydrophobic interaction. Conforma-
tions with the lowest binding energies are selected for further analysis. The docking pose having the lowest ΔG-score was best fitted 
with the receptor and used further for analysis of Ligand-receptor interactions [40–42]. In our study, we used Discovery Studio 2021 
Client (Version 21.1) for the visualization and analysis of the ligand-receptor complex.
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2.8. In silico ADMET study

For in silico studies, the chemical structure was drawn using ChemDraw Ultra 8.0. Structured activity metrics, Absorption, Dis-
tribution, Metabolism, Excretion, Toxicity, (ADMET) features, and drug-likeness (Lipinski’s rule of five, and Jorgenson’s rule of 3) are 
important determinants of drug development attrition that were evaluated using pkCSM (https://biosig.lab.uq.edu.au/pkcsm/) [33,
43–45]. Early optimization of these aspects throughout the drug development process may reduce the likelihood of clinical trial failure 
[46–48].

3. Results and discussion

3.1. Total yield of plant crude extract

The hydromethanolic extract of AC was prepared by cold maceration method as it offers a superior percentage yield and prevents 
the loss of heat-sensitive compounds [28]. Solvent selection adhered to the principles of similarity and inter-miscibility. Extraction 
yields are optimized when the polarity of the solvent closely matches that of the solute. Alcohols are proven to be surpassingly effective 
solvents for phytochemical analysis [49]. Hydromethanol, with its gentle nature, high boiling point, and other favourable qualities, 
stands out as an excellent solvent for extracting secondary plant metabolites. During hydroalcoholic solvent extraction, AC demon-
strated a 5.08 % yield. Flavonoids, alkaloids, phenolic, tannins, saponins, terpenoids, cardiac glycosides, phlobatannins, and carbo-
hydrates were detected in the extract, but there was an absence of anthraquinones, steroids, and anthocyanides.

3.2. Quantification of total flavonoids

Flavonoids play a pivotal role in determining the flavor, scent, and color of fruits, flowers, and seeds. Beyond their sensory con-
tributions, flavonoids also serve as attractants for mammals, birds, and insects. Moreover, they exhibit inhibitory effects on enzymes 
involved in the generation of reactive oxygen species (ROS), including cyclooxygenase, lipoxygenase, monooxygenase, and xanthine 
oxidase. Additionally, flavonoids contribute to the regulation of singlet oxygen production [50]. Here, we estimated the flavonoid 
content in the crude extract of AC and found that the flavonoid concentration was 170 ± 0.008 mg/ml.

3.3. Antioxidant activities

3.3.1. Superoxide scavenging activity
Superoxide anions can cause direct or indirect damage to biomolecules in various pathologies and aging, by generating H2O2, − OH, 

peroxynitrite, or singlet oxygen. It has been implicated in direct lipid peroxidation [51]. However, the majority of plant compounds 
possess antioxidant activity, which is beneficial for human health. The superoxide scavenging activity of AC leaves is detailed in 
Table 1. Notably, the superoxide scavenging capacity of AC exhibited a significant increase with concentration. Given their pro-
nounced inhibitory effects on superoxide anion generation, AC emerges as a potent antioxidant. These findings strongly suggest that 
AC functions as a robust scavenger of superoxide radicals.

3.3.2. H2O2 radical scavenging activity
As indicated in Table 2, AC demonstrated concentration-dependent hydrogen peroxide decomposition activity. Hydrogen peroxide, 

being a mild oxidizing substance, can directly inactivate only a limited number of enzymes by oxidizing essential thiol (-SH) groups. 
Nevertheless, hydrogen peroxide exhibits a high rate of penetration through cell membranes, and once inside the cell, it is prone to 
interacting with Fe2+ and possibly Cu2+ ions, leading to the generation of hydroxyl radicals and potentially causing various negative 
effects [52]. Consequently, cells biologically benefit from regulating the accumulation of hydrogen peroxide. The antioxidant and free 
radical-scavenging properties of AC may play a role in the breakdown of H2O2, contributing to cellular homeostasis.

Table 1 
Antioxidant activity of plant crude leaves extract of Acorus calamus L. by Superoxide scavenging activity.

Concentration (μg/ml) Inhibitory activity (%)

Ascorbic acid Acorus calamus L.

300 90.59 ± 0.24 94.10 ± 1.28
150 51.71 ± 0.55 55.47 ± 0.93
75 40.30 ± 0.24 28.29 ± 1.32
37.5 30.79 ± 0.39 25.01 ± 1.52
18.75 25.83 ± 0.41 22.85 ± 0.84
9.37 19.75 ± 0.09 18.92 ± 1.15
IC50 145.03 ± 0.55 135.20 ± 1.33
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3.4. Determination of potent bioactive compounds of AC

The phytoconstituents present in the hydromethanolic extract of AC were determined by GC-HRMS and we found multiple com-
pounds (Fig. 1) (Table 3).

3.5. Screening and identification of phytochemicals of AC targeting NDM-1

Molecular docking is an efficient and reliable tool to reveal the binding stability of protein and ligand complexes. Hydrogen bonds 
and hydrophobic interaction majorly govern the binding stability of complexes [53]. The lowest binding energy represents the least 
energy required for the enzymatic reactions in the case of inhibition constant. The minimum energy represents a higher number of 
hydrogen bonds and hydrophobic interactions [54]. To recognize the most favourable pose, each pose is evaluated based on 
compatibility with the target in terms of shape and properties such as electrostatics and generates a corresponding dock score. The 
docking score is the main parameter that shows the favourable binding of the ligand to the target NDM-1. Our study revealed that 
Cefepime and Tigecycline, widely used antibacterial drugs have the highest docking score among all standard antibiotics, which were 
taken as controls. However, (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13-tetramethyl spiro [5-oxapentacyclo [10.8.0.02,9.04, 
8.013,18] icos-1(12)-ene-6,2′-oxane]-11-one has a higher docking score (− 9.5 kcal/mol) than Cefepime and Tigecycline. 1-(3, 
5-dimethoxyphenyl)ethanone, 3-(3,4-dimethoxyphenyl)prop-2-enoic acid, 4-ethenyl-2-methoxyphenol, 4-[(1E)-buta-1,3-dienyl]-3,5, 
5-trimethylcyclohex-2-en-1-one, (E)-3-(2,4-dimethoxyphenyl)prop-2-enoic acid, 4-(3-hydroxyprop-1-enyl)-2-methoxyphenol, [(3S, 
3aS,6R,6aS)-3-nitrooxy-2,3,3a,5,6,6a-hexahydrofuro[3,2-b]furan-6-yl] nitrate, 5-chloro-2-(2,4-dichloro phenoxy)phenol and 4,4,5, 
8-tetramethyl-2,3-dihydrochromen-2-ol are considered to be the key molecules owing to the docking score range between − 5.1 
kcal/mol to − 6.6 kcal/mol which are almost at par to the Cefepime and Tigecycline. Molecules like (E)-3,7,11,15-tetramethylhex-
adec-2-en-1-ol, 3-hydroxy-2-methylpyran-4-one, n-hexadecadien-1-ol, 1,2,4-trimethoxy-5-[(E)-prop-1-enyl]benzene, (9Z,12Z, 
15Z)-octadeca-9,12,15-trienoic acid, 1,2,4-trimethoxy-5-[(Z)-prop-1-enyl]benzene, (E,7R,11R)-3,7,11,15-tetramethylhex-
adec-2-en-1-ol and 3,5-dihydroxy-6-methyl-2,3-dihydropyran-4-one are the moderately active molecules with docking score in a range 
of − 4.5 kcal/mol to − 5.0 kcal/mol. Except for the hexadecan-1-ol, 10,12-Hexadecadien-1-ol, 2-methylundecanal, N-methyloctadyl-
amine, and octadec-17-ynoic acid, all the molecules in the present study have shown favourable binding with the target, which has 
been expressed through the higher docking scores.

For most ligands, the proposed binding mode is consistent with that of the seven amino acid residues viz. LYS A:211, GLY A:197, 

Table 2 
Antioxidant activity of plant crude leaves extract of Acorus calamus L. by Hydrogen Peroxide scavenging 
activity.

Concentration (μg/ml) Inhibitory activity (%)

Ascorbic acid Acorus calamus L.

250 89.71 ± 1.74 96.19 ± 0.87
125 47.42 ± 3.71 61.52 ± 1.18
62.5 29.71 ± 2.28 37.14 ± 1.14
31.25 26.28 ± 2.37 29.14 ± 0.57
15.62 13.14 ± 2.00 21.90 ± 1.18
7.8 4.00 ± 2.16 14.67 ± 0.87
IC50 131.80 ± 3.71 102.09 ± 1.30

Fig. 1. GC-HRMS profile of Acorus calamus L. extract.
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GLY A:219, ASP A:199, ALA A:243, LYS A:242, and PHE A:240, and could be the key interaction points of the target. The key amino 
acid residues involved in the interaction with the target through the different bonds are shown in Table 4 & Supplementary Table 1. 
The graphical binding modes of all molecules and standard drugs are shown in Figs. 2 and 3 & Supplementary Figs. 1–3. In a previous 
report, Molecular modeling suggests that LYS A:211 is one of the most imperative amino acid residues for conventional hydrogen 
bonding and Pi-Alkyl bonding interaction. In the present study, this residue forms conventional hydrogen and Pi-Alkyl bonds with 
diverse molecules including the (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13-tetramethylspiro[5-oxapentacyclo 
[10.8.0.02,9.04,8.013,18]icos-1(12)-ene-6,2′-oxane]-11-one, (E)-3-(2,4-dimethoxyphenyl)prop-2-enoic acid, 3-(3,4-dimethox-
yphenyl)prop-2-enoic acid, 5-chloro-2-(2,4-dichlorophenoxy)phenol, 1,2,4-trimethoxy-5-[(Z)-prop-1-enyl]benzene, 1,2,4-trime-
thoxy-5-[(E)-prop-1-enyl]benzene, 1-(3,5-dimethoxyphenyl)ethanone and five of the standard antibiotics such as Meropenem, 
Penicillin, Cefotaxime, Piperacillin, Levofloxacin and Cefepime. Pi-Alkyl bonding amino acid residues are LYS A:242, ALA A:243, and 
PHE A:240. These amino acid residues are involved in the binding of N-methyloctadylamine, 3-hydroxy-2-methylpyran-4-one, 3,5- 
dihydroxy-6-methyl-2,3-dihydropyran-4-one, 4-[(1E)-buta-1,3-dienyl]-3,5,5-trimethylcyclohex-2-en-1-one, (E)-3,7,11,15-tetrame-
thylhexadec-2-en-1-ol, hexadecan-1-ol and 2-methylundecanal molecules with the target. GLY A:219 forms Carbon hydrogen bonding 
with the (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13-tetramethylspiro[5-oxapentacyclo[10.8.0.02,9.04,8.013,18]icos-1(12)-ene- 
6,2′-oxane]-11-one, Levofloxacin, Cefotaxime, Piperacillin, and Cefepime. GLY A:219 also forms van der Waals bond with the Mer-
openem, Penicillin, [(3S,3aS,6R,6aS)-3-nitrooxy-2,3,3a,5,6,6a-hexahydrofuro[3,2-b]furan-6-yl] nitrate, 1-(3,5-dimethoxyphenyl) 
ethanone, 1,2,4-trimethoxy-5-[(Z)-prop-1-enyl]benzene, 1,2,4-trimethoxy-5-[(E)-prop-1-enyl]benzene, 5-chloro-2-(2,4-dichlorophe-
noxy)phenol, and (E)-3-(2,4-dimethoxyphenyl)prop-2-enoic acid. Additionally, N-methyloctadylamine, 3-hydroxy-2-methylpyran-4- 
one, 3,5-dihydroxy-6-methyl-2,3-dihydropyran-4-one, 4-ethenyl-2-methoxyphenol, 4-[(1E)-buta-1,3-dienyl]-3,5,5-trimethylcyclo-
hex-2-en-1-one, 4,4,5,8 Tetramethylchroman-2-ol, 4-(3-hydroxyprop-1-enyl)-2-methoxyphenol, (E)-3,7,11,15-tetramethylhexadec-2- 
en-1-ol, n-Hexadecadien-1-ol, hexadecan-1-ol, 10,12- Hexadecadien-1-ol, (E,7R,11R)-3,7,11,15-tetramethylhexadec-2-en-1-ol, 
(9Z,12Z,15Z)-octadeca-9,12,15-trienoic acid and 2-methylundecanal form van der Waals bond with the GLY A:197 and ASP A:199.

In the present study, molecular docking revealed the formation of hydrogen and hydrophobic bonds with key residues of the NDM- 
1 active site. The residues HIS:122, HIS:189, CYS:208, LYS:211, ASN:220, and HIS:250 of NDM-1 are reported as conserved amino 
acids in metallo-β-lactamase and play an important role in substrate recognition [55,56]. Our study also revealed that (2R,4S,6R,7S, 
8R,9S,13S)-16-hydroxy-5′,7,9,13-tetramethylspiro[5-oxapentacyclo[10.8.0.02,9.04,8.013,18]icos-1(12)-ene-6,2′-oxane]-11-one 
interact with key active site amino acid LYS A:211, ASN A:220, HIS A:250, and HIS A:122 either by hydrogen bond or hydrophobic 
bond and most of the other molecules having stable interaction with LYS A:211 and HIS A:250 revealed by respective docking score 
(Table-4).

Table 3 
Bioactive compounds identified from hydromethanolic extract of Acorus calamus L. leaves.

Sr. 
No.

Compound Name RT 
min

Content 
(%)

Base m/ 
z

1 N-methyloctadcylamine 4.51 17.7 44
2 2,5-Dimehyl-4-hydroxy-3[2H]-fuanone 5.57 19.6 43
3 3-hydroxy-2-methylpyran-4-one 6.01 15.54 126
4 3,5-dihydroxy-6-methyl-2,3-dihydropyran-4-one 7.25 94.8 43
5 [(3S,3aS,6R,6aS)-3-nitrooxy-2,3,3a,5,6,6a-hexahydrofuro[3,2-b]furan-6-yl] nitrate 9.37 37.0 43
6 4-ethenyl-2-methoxyphenol 10.82 60.3 139
7 1-(3,5-dimethoxyphenyl)ethenone 15.97 22.8 165
8 (+-)-[2-carboxy-cis-propenyl]-2,2-dimethyl cyclopropane-cis-1-carboxylic acid 16.23 30.1 153
9 1,2,4-trimethoxy-5-[(E)-prop-1-enyl]benzene 16.96 65 208
10 4-[(1E)-buta-1,3-dienyl]-3,5,5-trimethylcyclohex-2-en-1-one 17.13 32.6 190
11 4,4,5,8-tetramethyl-2,3-dihydrochromen-2-ol 17.79 41.4 173
12 1,2,4-trimethoxy-5-[(Z)-prop-1-enyl]benzene 18.07 36.1 208
13 4-(3-hydroxyprop-1-enyl)-2-methoxyphenol 19.30 35.6 137
14 (E)-3,7,11,15-tetramethylhexadec-2-en-1-ol 20.77 30.4 81
15 n-Hexadecanoic acid 23.24 79 60
16 hexadecan-1-ol 25.61 4.53 55
17 10,12-Hexadecadien-1-ol 25.92 23.8 67
18 (E,7R,11R)-3,7,11,15-tetramethylhexadec-2-en-1-ol 26.17 68.4 71
19 5-chloro-2-(2,4-dichlorophenoxy)phenol 26.34 92.8 288
20 octadec-17-ynoic acid 26.64 6.29 55
21 (9Z,12Z,15Z)-octadeca-9,12,15-trienoic acid 26.76 20.6 79
22 2-methylundecanal 29.08 8.82 58
23 Spiro[Andros-5-ene-17-1′-cycobutan]-2′-one, 3-hydroxy 32.42 39 41
24 3-(3,4-dimethoxyphenyl)prop-2-enoic acid 35.19 17 208
25 (E)-3-(2,4-dimethoxyphenyl)prop-2-enoic acid 35.62 14.6 208
26 11- trans- Octadecenoic acid, trimethylsilyl ester 35.86 9.95 73
27 (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13-tetramethylspiro[5-oxapentacyclo[10.8.0.02,9.04,8.013,18]icos- 

1(12)-ene-6,2′-oxane]-11-one
36.57 51.4 314

28 Pyridine-3-carbonirile,2-[2-[3,4-dihydoxyphenyl]-2-oxoethylthio]-4-methoxymethyl-6-methyl 38.11 26.3 137
29 Cis-13-Octadecenoic acid, trimethylsilyl ester 38.76 10.3 73
30 1- Monolinoleoylglcerol trimeylsilyl ether 40.53 23.6 73
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Table 4 
Molecular docking scores and intermolecular bonding residues with compounds of Acorus calamus L. leaves and standard drug.

Sr. 
No.

Compound name Docking Score 
(kcal/mol)

Conventional 
hydrogen

Van der 
Waals

Pi 
interaction

Carbon 
Hydrogen

C1 (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13-tetramethylspiro 
[5-oxapentacyclo[10.8.0.02,9.04,8.013,18]icos-1(12)-ene-6,2′- 
oxane]-11-one

− 9.5 LYS A:211 VAL 
A:73 
TRP 
A:93 
GLN 
A:123 
ASP 
A:124 
MET 
A:67 
ASN 
A:220 
LEU 
A:218 
ASP 
A:212 
ALA 
A:215 
SER 
A:251

Pi-Alkyl: 
HIS A:250 
HIS A:122

GLY A:219

C2 4,4,5,8-tetramethyl-2,3-dihydrochromen-2-ol − 6.6  TRP 
A:168 
LYS 
A:181 
ASP 
A:199 
PRO 
A:179 
ILE 
A:198 
GLY 
A:197 
ALA 
A:204 
THR 
A:201 
ILE 
A:203 
PRO 
A:241 
ALA 
A:239

Pi-Pi T- 
Shaped: 
PHE A:240 
Pi-Alkyl: 
ALA A:243 
LYS A:242



C3 5-chloro-2-(2,4-dichlorophenoxy)phenol − 6.0 LYS A:211 SER 
A:217 
ASP 
A:212 
SER 
A:251 
LEU 
A:218 
HIS 
A:189 
GLY 
A:219

Pi-Alkyl: 
ALA A:215 
TRP A:93 
VAL A:73 
Pi-Pi 
Stacked: 
HIS A:250



C4 [(3S,3aS,6R,6aS)-3-nitrooxy-2,3,3a,5,6,6a-hexahydrofuro[3,2-b] 
furan-6-yl] nitrate

− 5.7 GLN A:123 
ASN A:220

TRP 
A:93 
VAL 
A:73 
CYS 
A:208 
HIS 
A:189 
GLY 
A:219 
LEU 
A:218

Pi-Anion: 
HIS A:122



(continued on next page)
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Table 4 (continued )

Sr. 
No. 

Compound name Docking Score 
(kcal/mol) 

Conventional 
hydrogen 

Van der 
Waals 

Pi 
interaction 

Carbon 
Hydrogen

C5 4-(3-hydroxyprop-1-enyl)-2-methoxyphenol − 5.6 ALA A:239 
ILE A:198 
THR A:201

PRO 
A:241 
TRP 
A:168 
ILE 
A:203 
ASP 
A:202 
GLY 
A:197 
ASP 
A:199

Pi-Pi T- 
Shaped: 
PHE A:240 
Pi-Alkyl: 
ALA A:243 
LYS A:242 
LYS A:181



C6 (E)-3-(2,4-dimethoxyphenyl)prop-2-enoic acid − 5.6 HIS A:250 
SER A:217

GLY 
A:219 
ILE 
A:210 
SER 
A:249 
ASP 
A:212 
SER 
A:251 
LYS 
A:216

Pi-Alkyl: 
ALA A:215 
LYS A:211 
CYS A:208 
Pi-Sulfur: 
MET A:248 
Pi-Sigma: 
HIS A:250

GLY A:207

C7 4-ethenyl-2-methoxyphenol − 5.5 ILE A:198 ALA 
A:239 
ASP 
A:202 
THR 
A:201 
GLY 
A:197 
ASP 
A:199

Pi-Pi T- 
Shaped: 
PHE A:240 
Pi-Alkyl: 
LYS A:242 
PRO A:241 
ALA A:243 
LYS A:181



C8 4-[(1E)-buta-1,3-dienyl]-3,5,5-trimethylcyclohex-2-en-1-one − 5.5  GLY 
A:197 
LYS 
A:181 
ILE 
A:198 
ASP 
A:199 
GLY 
A:200 
THR 
A:201 
LYS 
A:242 
ALA 
A:243 
PRO 
A:241 
ALA 
A:239

Pi-Alkyl: 
TRP A:168 
PHE A:240



C9 3-(3,4-dimethoxyphenyl)prop-2-enoic acid − 5.2 LYS A:216 ILE 
A:210 
SER 
A:249 
MET 
A:248 
HIS 
A:250 
SER 
A:217

Pi-Alkyl: 
LYS A:211 
Pi-Sigma: 
ALA A:215



C10 1-(3,5-dimethoxyphenyl)ethanone − 5.1 SER A:251 
ASP A:212 
LYS A:211

ASN 
A:220 
GLY 
A:219 

Pi-Alkyl: 
ALA A:215 
HIS A:250 
LYS A:211

HIS A:250

(continued on next page)
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Meropenem and NDM-1 (PDB ID: 4EYL) complex was stabilized by six hydrogen bonds (HIS:120, HIS:189, LYS:211, ASN:220, 
HIS:250) and one hydrophobic interaction with TRP:93. Other residues such as VAL:73, TRP:93, HIS:122, GLU:123, ASP:124 and 
CYS:208 also gave stability to meropenem at the active site of NDM-1 [57]. Our investigation also reveals that meropenem and NDM-1 
(PDB-ID: 3ZR9) complex was stabilized by 2 hydrogen bonds (ASN A:220 and LYS A:211) and hydrophobic bonds such as ALA A:215, 
LYS A:216, VAL A:73, ASP A:124, GLN A:123, TRP A:93, HIS A:122, MET A:67, HIS A:189, LEU A:218, CYS A:208, GLY A:219, HIS 
A:250 and SER A:251. Further, the binding frequency of standard antibiotics (Cefepime, Carbapenem, Levofloxacin, Piperacillin, 
Cefotaxime, Penicillin, and Tigecycline) towards NDM-1 was also monitored by analysis of hydrogen as well as hydrophobic bonds 
through visualizing the protein-drug complexes as in Fig. 3 & Supplementary Fig. 3. The present study has revealed the potent in-
hibitors of NDM-1 from AC through virtual screening. Among these inhibitors, (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13-tetra-
methylspiro [5-oxapentacyclo [10.8.0.02,9.04,8.013,18] icos-1(12)-ene-6,2′-oxane]-11-one showed the highest affinity/stability with 
NDM-1 and its active site residues as the Meropenem (Table 4 & Supplementary Table 1). Moreover, 5-chloro-2-(2,4-dichloro phenoxy) 
phenol, [(3S,3aS,6R,6aS)-3-nitrooxy-2,3,3a,5,6,6a-hexahydrofuro[3,2-b]furan-6-yl] nitrate, (E)-3-(2,4-dimethoxyphenyl)prop-2-e-
noic acid, 3-(3,4-dimethoxyphenyl)prop-2-enoic acid, 1-(3,5-dimethoxyphenyl)ethanone, 1,2,4-trimethoxy-5-[(E)-prop-1-enyl]ben-
zene and 1,2,4-trimethoxy-5-[(Z)-prop-1-enyl]benzene interact with some of the active site residues of NDM-1 as 
Meropenem-NDM-1 (Table 4 & Supplementary Table 1). Due to the continuous evolution of MBL variants, conventional drugs and 
inhibitors are becoming ineffective against K. pneumoniae [58,59]. This warrants the need to discover potential inhibitors for NDM-1. 
In this study, we identified some potent inhibitors of NDM-1 from phytoconstituents of the medicinal plant source. Phytocompounds 
from A. calamus interact with the key to amino acids NDM-1 active site and hence could lead to a promising therapeutic strategy to 
inhibit NDM-1 mediated resistance in K. pneumoniae.

3.6. Evaluation of pharmacokinetic parameters of compounds by in silico ADMET study

All 10 compounds having good docking scores (>− 5.0 kcal/mol) follow Lipnski’s rule of five (RO5). They all have a molecular 
weight of less than 500 Da, rotational bond numbers, hydrogen bond acceptors of less than 10, and hydrogen bond donors of less than 
5. All compounds except [(3S,3aS,6R,6aS)-3-nitrooxy-2,3,3a,5,6,6a-hexahydrofuro[3,2-b] furan-6-yl] nitrate showed log P values of - 
0.4 to + 5.6. Polar surface area for all compounds less than 140 Å2 except (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13-tetrame-
thylspiro [5-oxapentacyclo [10.8.0.02,9.04,8.013,18] icos-1(12)-ene-6,2′-oxane]-11-one. RO5 is important for drug-likeness proper-
ties and for oral administration. Further, the compounds were analyzed for their ADMET properties. All the analyzed molecules 

Table 4 (continued )

Sr. 
No. 

Compound name Docking Score 
(kcal/mol) 

Conventional 
hydrogen 

Van der 
Waals 

Pi 
interaction 

Carbon 
Hydrogen

SER 
A:217 
LYS 
A:216 
MET 
A:248 
ILE 
A:210

S1 Tigecycline − 7.6 ALA A:164 
ALA A:165 
ASN A:166 
ASN A:142

TRP 
A:168 
PHE 
A:183 
ALA 
A:238 
ALA 
A:235 
PRO 
A:185 
HIS 
A:228 
PRO 
A:187 
GLY 
A:186 
GLY 
A:167 
TYR 
A:184 
PHE 
A:163 
ALA 
A:143

 

*C1-C10 represents the compounds identified from Acorus Calamus L. extract. S1 represents Standard Drug (Tigecycline).
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represented good water solubility (i.e., greater than 1.7 Log mol/L) and elevated Caco-2 permeability. Interestingly, [(3S,3aS,6R,6aS)- 
3-nitrooxy-2,3,3a,5,6,6a-hexahydrofuro[3,2-b]furan-6-yl] nitrate showed poor Caco-2 permeability. Good water solubility leads to 
good intestinal absorption of the drug. (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13-tetramethylspiro[5-oxapentacyclo 

Fig. 2. Schematic 2D diagram of the interaction between NDM-1 (PDB ID: 3ZR9) 
(A) (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13-tetramethylspiro[5-oxapentacyclo [10.8.0.02,9.04,8.013,18]icos-1(12)-ene-6,2′-oxane]-11-one 
(B) 4,4,5,8-tetramethyl-2,3-dihydrochromen-2-ol, (C) 5-chloro-2-(2,4-dichlorophenoxy)phenol (D) [(3S,3aS,6R,6aS)-3-nitrooxy-2,3,3a,5,6,6a- 
hexahydrofuro[3,2-b]furan-6-yl] nitrate (E) 4-(3-hydroxyprop-1-enyl)-2-methoxypheno (F) (E)-3-(2,4-dimethoxyphenyl)prop-2-enoic acid.
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[10.8.0.02,9.04,8.013,18]icos-1(12)-ene-6,2′-oxane]-11-one, 4,4,5,8- Tetramethylchroma n-2-ol, 4-(3-hydroxyprop-1-enyl)-2- 
methoxyphenol, (E)-3-(2,4-dimethoxyphenyl)prop-2-enoic acid, 4-ethenyl-2-methoxyphenol, 4-[(1E)-buta-1,3-dienyl]-3,5,5-trime-
thylcyclohex-2-en-1-one, 3-(3,4-dimethoxyphenyl)prop-2-enoic acid, 1-(3,5-dimethoxyphenyl)ethanone showed more than 93 % in-
testinal absorption while 5-chloro-2-(2,4-dichlorophenoxy)phenol showed 87.45, and [(3S,3aS,6R,6aS)-3-nitrooxy-2,3,3a,5,6,6a- 
hexahydrofuro[3,2-b]furan-6-yl] nitrate showed 74.73 %. (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13-tetramethylspiro[5-oxa-
pentacyclo[10.8.0.02,9.04,8.013,18]icos-1(12)-ene-6,2′-oxane]-11-one, [(3S,3aS,6R,6aS)-3-nitrooxy-2,3,3a,5,6,6a-hexahydrofuro 
[3,2-b]furan-6-yl] nitrate, 4-(3-hydroxyprop-1-enyl)-2-methoxyphenol, (E)-3-(2,4-dimethoxyphenyl)prop-2-enoic acid, 3-(3,4-dime-
thoxyphenyl)prop-2-enoic acid, showed relatively less skin permeability > -2.5. (E)-3-(2,4-dimethoxyphenyl)prop-2-enoic acid, 4- 
[(1E)-buta-1,3-dienyl]-3,5,5-trimethylcyclohex-2-en-1-one, 3-(3,4-dimethoxyphenyl)prop-2-enoic acid, 1-(3,5-dimethoxyphenyl) 
ethanone can readily cross the blood-brain barrier, while others (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13-tetramethylspiro[5- 

Fig. 3. Schematic 2D diagram of the interaction between NDM-1 (PDB ID: 3ZR9) 
(A) 4-ethenyl-2-methoxyphenol (B) 4-[(1E)-buta-1,3-dienyl]-3,5,5-trimethylcyclohex-2-en-1-one (C) 3-(3,4-dimethoxyphenyl)prop-2-enoic acid (D) 
1-(3,5-dimethoxyphenyl)ethanone (E) Tigecycline.
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oxapentacyclo[10.8.0.02,9.04,8.013,18]icos-1(12)-ene-6,2′-oxane]-11-one, 4,4,5,8-Tetramethylchroma n-2-ol, 5-chloro-2-(2,4- 
dichlorophenoxy)phenol, [(3S,3aS,6R,6aS)-3-nitrooxy-2,3,3a,5,6,6a-hexahydrofuro[3,2-b]furan-6-yl] nitrate, 4-(3-hydroxyprop-1- 
enyl)-2-methoxyphenol, 4-ethenyl-2-methoxyphenol) are poorly distributed to the brain. All molecules are unable to penetrate the 
central nervous system except 5-chloro-2-(2,4-dichlorophenoxy)phenol. None of the molecules inhibited the cytochrome P450, an 
important detoxification enzyme associated with metabolism in the human liver. Moreover, none of the studied compounds showed 
hepatotoxicity indicating no possibility of drug-induced liver injury to the user (Table 5) [33,44,46,47,60,61]. Collectively, ADMET 
analysis revealed the drug-likeliness of our compound, and the phytochemicals of A. calamus L. exhibited no apparent toxicity.

In current study, we have evaluated the inhibitory potential of AC phytoconstituents against NDM-1 solely by in silico approach and 
it could be enriched with in vitro studies and hence opens opportunities for other researchers as well. Similarly, other MBL classes can 
also be targeted with the set of phytocompounds of AC.

4. Conclusion

After determining the phytochemical composition of AC as well as in silico analysis of the interaction between the phytoconstituents 
and enzyme NDM-1, we conclude that the compound (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13-tetramethylspiro[5-oxapenta-
cyclo [10.8.0.02,9.04,8.013,18] icos-1(12)-ene-6,2′-oxane]-11-one strongly binds with the NDM-1 with lower binding energy (− 9.5 
kcal/mol) by interacting with key active site amino acid residues involve in substrate recognition such as LYS A:211, ASN A:220, HIS 
A:250, and HIS A:122 suggesting its inhibitory activity. Besides, it could be investigated against other Metallo β-lactamase (MBL) 
classes responsible for MDR and XDR. This phytocompound might be considered for further in vitro experiments to develop safe and 
effective NDM-1 inhibitors to target NDM-1-containing K. pneumoniae. Further, the limited in vitro and pre-clinical studies on plant- 
derived NDM-1 inhibitors could stall the design of optimal treatment parameters for NDM-1-containing K. pneumoniae infections.
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Table 5 
Evaluation of pharmacokinetic parameters.

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Molecular Properties:
Molecular weight 428.613 206.285 289.545 236.136 180.203 208.213 150.177 190.286 208.213 180.203
LogP 5.037 2.681 5.144 − 1.062 1.406 1.801 2.043 3.290 1.801 1.906
Number of rotatable bonds 0 0 2 4 3 4 2 2 4 3
Number of acceptors 4 2 2 8 3 3 2 1 3 3
Number of donors 1 1 1 0 2 1 1 0 1 0
Surface area 186.686 90.888 113.306 88.221 76.904 87.749 65.744 86.205 87.749 77.280
ADMET Parameters:   
Water solubility (Log mol/L) − 5.385 − 2.712 − 5.013 − 2.370 − 1.748 − 2.984 − 1.958 − 3.651 − 2.984 − 1.949
Caco2 Permeability (log Papp in 
106 cm/s)

1.361 1.819 1.848 0.218 1.227 1.225 1.499 1.345 1.225 1.445

% intestinal absorption 97.046 94.062 87.455 74.734 91.734 94.767 91.965 96.688 94.767 96.413
Skin Permeability (log Kp) − 3.853 − 2.092 − 2.268 − 2.585 − 2.848 − 2.712 − 2.262 − 1.671 − 2.712 − 2.307
BBB permeability (Log BB) − 0.341 0.205 0.159 − 1.243 − 0.182 0.502 0.289 0.620 0.502 0.421
CNS permeability − 2.801 − 2.253 − 1.533 − 3.131 − 2.569 − 2.518 − 2.042 − 2.163 − 2.518 − 2.192
CYP2C19 inhibitor No No Yes No No No No No No No
CYP2C9 inhibitor No No Yes No No No No No No No
CYP2D6 inhibitor No No No No No No No No No No
CYP3A4 inhibitor No No No No No No No No No No
Total Clearance (Log ml/min/kg) 0.256 0.908 0.058 0.618 0.233 0.833 0.233 0.304 0.719 0.723
hERG I inhibitor No No No No No No No No No No
Hepatotoxicity No No No No No No No No No No
Skin Sensitisation No Yes No No No No Yes Yes No Yes

*C1: (2R,4S,6R,7S,8R,9S,13S)-16-hydroxy-5′,7,9,13-tetramethylspiro[5-oxapentacyclo[10.8.0.02,9.04,8.013,18]icos-1(12)-ene-6,2′-oxane]-11-one; 
C2: 4,4,5,8-tetramethyl-2,3-dihydrochromen-2-ol; C3: 5-chloro-2-(2,4-dichlorophenoxy)phenol; C4: [(3S,3aS,6R,6aS)-3-nitrooxy-2,3,3a,5,6,6a- 
hexahydrofuro[3,2-b]furan-6-yl] nitrate; C5: 4-(3-hydroxyprop-1-enyl)-2-methoxyphenol; C6: (E)-3-(2,4-dimethoxyphenyl)prop-2-enoic acid; C7: 
4-ethenyl-2-methoxyphenol; C8: 4-[(1E)-buta-1,3-dienyl]-3,5,5-trimethylcyclohex-2-en-1-one; C9: 3-(3,4-dimethoxyphenyl)prop-2-enoic acid; C10: 
1-(3,5-dimethoxyphenyl)ethanone.
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