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Uncontrolled growth of Phalaris minor in the wheat (Triticum aestivum) crop has remained a problem, leading to a massive reduction in wheat grain production. Herbicides have been used to control the weed, which leads to the development of frequent resistance in P. minor and mutant biotypes were also reported (Trp2027Cys and Ile2041Asn). Development of resistance enforced agro researchers to analyses the action of herbicide on P. minor. In this study, the sequence and structure of P. minor and T. aestivum Acetyl CoA Carboxylase (ACCase) have been analysed to locate the differences in their sequence and structure and to formulate a plausible explanation of the selectivity of herbicides which may help in the rationale discovery of noble herbicides. The sequence and 3D structure analysis of weed and wheat ACCase indicate minute differences in the distantly located amino acid residues. However, proteins are conserved at the binding site of herbicides with no mutation at the catalytic site. Analysis indicates that herbicides selectively target P. minor ACCase might be due to unknown other reasons, but not due to differences in their protein sequence and structure.
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1 Introduction

Infestation of Phalaris minor (200 P. minor plants/m2) has been a longstanding management problem that reduces the wheat yield by 25-50% (Franke et al., 2003; Bhan et al., 2006; Bhullar et al., 2016). A combination of agroecological factors provides a suitable environment for the growth and survival of weeds in wheat crop fields. Besides being morphologically similar to each other in their initial stage (plantlets), P. minor and Triticum aestivum also have the same optimal growth conditions (Temperature: 10-20°C and Humidity: 45-50%) (Bhan and Choudary, 1976). Under extreme cases, untreated weed infestation can result in total crop failure (Malik et al., 1981; Singh, 2007). Until the early 1990s, farmers used isoproturon (substitute for urea-based herbicide) a PSII inhibiting herbicide, which was first recommended in the north-western part of India in 1977-78 to control P. minor in the crop field. However, after 15 years of use, the first case of herbicide resistance in P. minor was confirmed in India in 1991 (Malik et al., 1981; Chhokar and Malik, 2002).

To overcome the herbicide resistance several new herbicides with different targets such as Acetyl-CoA Carboxylase (ACCase) and Acetolactate synthase (ALS) were introduced in the market. Multiple and cross-resistance against the newly introduced alternate herbicides were soon reported in India (Chhokar et al., 2012; Kaur et al., 2017), South Africa (Pieterse, 2010) as well as in Israel regions against Aryloxyphenoxypropionate aka FOP (fenoxaprop and diclofop) group of herbicides (Gherekhloo et al., 2011; Gherekhloo et al., 2012). To control the resistant biotypes of P. minor 2-8 times higher doses of isoproturon herbicide were required as reported by Malik and Singh in 1995. The report of resistance against the newly introduced herbicides was recognised and it has been determined that herbicides already on the market are not enough. There is a need to develop new potential herbicides to control the problem of P. minor infestation.

Acetyl-CoA Carboxylase (ACCase) is considered a proficient target for the development of herbicides against weeds of the Poaceae family. There are two distinct isoforms of ACCase: the plastid ACCase (heteromeric) and the cytosolic ACCase (homomeric) (Yu et al., 2007). Heteromeric ACCase i.e., plastid ACCase comprises four independent polypeptide units: Biotin Carboxylase- BC, Biotin Carboxyl Carrier protein- BCCP and two carboxyl transferase (α and β-CT) (Menéndez and De Prado, 1999). The homomeric ACCase (common in the Poaceae family) has two identical subunits (Gornicki et al., 1997; Incledon and Hall, 1997). It has fused functional domains (NH2-BC-BCCCT-COOH) arranged linearly (Nikolau et al., 2003). Wheat crops lack heteromeric ACCase but have two isoforms of homomeric ACCase localised in the plastid and cytosol (Podkowinski et al., 2003; Singh et al., 2012). Both the target weed as well as the crop has homomeric ACCase still herbicides specifically target the ACCase of weed. Safeners are compounds with the ability to protect grass crops (Davies and Caseley, 1999; Hatzios and Burgos, 2004) such as wheat from herbicides by selectively enhancing the expression of enzymes responsible for herbicide metabolisms such as glutathione S-transferases (GSTs) and cytochrome P450 monooxygenases (P450s) in crops (Hatzios and Hoagland, 1989; Farago et al., 1994; Riechers et al., 2005). With the aid of safener crop plant has an intensified expression of herbicide metabolising enzymes when compared to weeds, which aids in the detoxification of crops (Riechers et al., 2005). They are usually mixed in herbicide formulations to protect crop plants from the toxic effect of herbicides. It is an unexplored phenomenon: How ACCase herbicides selectively target specific weeds in crop fields? In this study we have pondered upon the same and have analysed the sequences as well as modelled structure of P. minor and T. aestivum ACCase protein, to determine the possible difference at the herbicide binding site.



2 Material and methods


2.1 Sequence retrieval and alignment

The amino acid sequence of P. minor and T. aestivum ACCase (Q84U78 and B2ZGL3; respectively) have been retrieved from the UniProtKB/TrEMBL database (https://www.uniprot.org/uniprotkb/). A pairwise local alignment has been performed using the EMBL-EBI EMBOSS-Water tool (https://www.ebi.ac.uk/Tools/psa/emboss_water/) with the retrieved sequences, to locate the sequence identity and similarity between the two sequences.



2.2 Homology modelling of proteins

The sequences of P. minor and T. aestivum ACCase protein have been modelled using Modeller 10.3 (Webb and Sali, 2016), a homology modelling program. Basic Local Alignment Search Tool for protein i.e., BLASTp (http://blast.ncbi.nlm.nih.gov/Blast.cgi) has been performed against the PDB database (www.rcsb.org) to identify the suitable template for modelling both the proteins. Target-template alignment has been performed and the alignment result has been utilised to generate homology models of the respective proteins. Models have been evaluated based on Discrete Optimised Protein Energy (DOPE), GA341 score and Root Mean Square Deviation (RMSD) of modelled structures with respect to their respective templates and one model has been selected for further studies. It has been followed by the refinement of selected models. Further, structures have been validated for their quality and geometrical correctness by visualising the occurrence of each residue on the Ramachandran map and SAVES server (https://saves.mbi.ucla.edu/). Packing-folding properties of protein have been evaluated via ProSA (Wiederstein and Sippl, 2007) web server. After validation, the modelled proteins have been energy minimised by utilizing the Schrödinger tool (Jorgensen et al., 1996; Harder et al., 2016) for their structural stability.



2.3 Molecular dynamics simulation

Molecular dynamic simulation of modelled native (apo) ACCase CT-domain of P. minor and T. aestivum, has been performed using Gromacs 5.1 (Hess et al., 2008) under periodic boundary conditions. The dynamic behavior of apoproteins has been explored in periodic boundary conditions with a Gromos 54A7 force field (Schmid et al., 2011, p. 7). The generated systems have been solvated with the explicit simple point charge (SPC) water (Hermans et al., 1984). In order to nullify any charge present in the system, neutralisation has been performed. Energy minimization has been performed on both systems using the steepest descent method for 50000 steps, with a convergence criterion of 100 Kcal/mol/Å. The electrostatic force has been calculated through the particle mesh Edward method (PME) (Essmann et al., 1995) and Van der Waals interactions have been calculated with a 1 nm cut-off. Equilibration of systems has been accomplished with respect to temperature as well as pressure. Temperature equilibration up to 26.85°C has been done using V-rescale temperature coupling while bar pressure has been achieved by using Parrinello-Rahman Barostat (Parrinello and Rahman, 1981). Heavy atoms present in each system have been constrained by the LINCS algorithm (Hess et al., 1997). To ensure the structural stability of proteins, a short MD simulation of 50 ns has been performed with a time step of 2 fs (Ryckaert et al., 1977). Further analysis of trajectories has been performed using various GROMACS in build scripts, and structural similarity between the two proteins has been analysed.




3 Results and discussions


3.1 Sequence analysis of proteins

Protein sequences of ACCase proteins’ CT-domain of T. aestivum (B2ZGL3) and P. minor (Q84U78) have been subjected to pairwise local alignment. Pairwise sequence alignment results delineate that there are differences between the two sequences (Figure 1). The sequences are 93.9% identical and 97.2% similar to each other. Despite the observed similarities between the sequences, there have not been any alterations/mutations at the herbicide-binding site of proteins (Figure 2). The residues within a radius of 4 Å, that have an active role in herbicide binding site on both the chains of P. minor ACCase CT-domain are Ile130A, Ser133A, Gly159A, Ile160A, Tyr163A, Leu181A, Thr182A, Arg377B, Gly378B, Phe379B, Arg419B, Gly420B, Gly421B, Ala422B, Val224B, Val447B, Leu448B, Glu449B and Gly451B. The mutations observed at Trp376B and Ile390B in P. minor CT-domain sequence (as reported in Alopecurus myosuroides Trp2027 and Ile2041) (Raghav et al., 2016) are not at the active site but lie closer to it, thus it can be said that there is no mutation at the active site of protein around 4 Å (Figures 1, 2).




Figure 1 | Local alignment of ACCase CT-domain of P. minor and T. aestivum.






Figure 2 | Phalaris minor ACCase CT-domain with special emphasis on mutations (Ile390B and Trp376B) present in the protein and a highlight on the herbicides’ catalytic site.





3.2 Validation of modelled proteins

Templates with PDB IDs. 1UYR (Zhang et al., 2004) and 3PGQ (Linda et al., 2010) have been chosen for modelling of ACCase CT-domain of P. minor and T. aestivum, based on the query length (92% and 99%), sequence similarity (51.42% and 45.02%) and resolution of crystal structures (2.06 Å and 2.80 Å) as mentioned in Table 1. Models were generated for each protein that has been later evaluated based on their DOPE, GA341 score and RMSDs, and finally, one model has been selected for further studies. Energy minimization of each modelled protein has been performed by utilising the minimization tool of the Schrodinger program (Harder et al., 2016). The modelled proteins have been energy minimised in water for 2500 steps of conjugate gradient, with parameters of the AMBER94 force field (Cornell et al., 1995). The spatial arrangement (phi-psi torsion angles) of amino acid residues of proteins has been validated by plotting them on the Ramachandran plot, which depicts that 89.5% and 90.6% of amino acids are in the highly favoured region, 9.6% and 8.8% are in the allowed region while 0.9% and 0.6% are outliers; respectively for ACCase CT-domain of P. minor and T. aestivum (Figure 3, Table 2). Protein Structure Analysis (ProSA-https://prosa.services.came.sbg.ac.at/prosa.php) web tool (to determine protein stereochemical packing of proteins) has also been utilised to validate the generated models and a ProSA Z-score of -9.96 and -9.33 has been found for the respective P. minor and T. aestivum ACCase. The modelled structure of P. minor and T. aestivum ACCase CT-domain has also been superimposed over each other (Figure 4) to investigate their structural similarity and an RMSD of 0.975 Å has been obtained. Besides this SAVES server (https://saves.mbi.ucla.edu/) has also been used for the validation of models, prior to a short simulation of 50ns.


Table 1 | Selection of template for modelling of P. minor and T. aestivum ACCase CT-domain.






Figure 3 | Mapping of amino acid residues’ coordinates of modelled ACCase CT-domain of (A) P. minor and (B) T. aestivum on Ramachandran plot.




Table 2 | Model validation for residue spatial arrangement through Ramachandran plot.






Figure 4 | Superimposition of modelled CT-domain of ACCase protein of P. minor and T. aestivum to determine the dissimilarity between the modelled structures 0.975 Å.





3.3 Structural similarity in ACCase CT-domain of P. minor and T. Aestivum

The modelled proteins (P. minor and T. aestivum ACCase CT-domain) have been subjected to MD simulation, to attain the local minima state of proteins. Simulated trajectories have been subjected to various analyses, and the stability of proteins has been determined. Root Mean Square Deviations (RMSD) of proteins have been plotted to visualise the structural changes in protein throughout the simulation (Figure 5). No sudden shift in RMSD plots of both the proteins has been observed i.e., proteins have remained stable throughout the simulation. The RMSD of proteins has been compared with each other to determine the pattern of deviation (Figure 5). The difference between the RMSD of proteins has an average deviation of 0.925 Å throughout the simulation timescale as shown in Figure 4 (data plotted in green colour). Before MD simulation modelled proteins have been superimposed over each other and an RMSD of 0.975 Å has been obtained. This reveals that there is not much difference in the structure of P. minor and T. aestivum CT-domain. Herbicide-binding cavities of both proteins have been thoroughly investigated in this study and no noticeable structural differences have been identified (Figure 1).




Figure 5 | Root Mean Square Deviation (RMSD) of native ACCase CT-domain of P. minor, T. aestivum and the difference in their deviations, throughout the MD simulation of 50 ns.



Using herbicides that inhibit ACCase is one of the main strategies to selectively control grassy weeds like P. minor. A computational study regarding binding mode of FOP and DIM group has been conducted and no considerable variations has been observed in binding site of different weeds (Kishor and Singh, 2018; Rani et al., 2019). There are reports of resistance in various other weeds against herbicides due to mutations (Ile-2041-Val/Thr). Correlation quantification study of resistance in biotypes of Beckmannia syzigachne has reveille that resistance against FOP herbicides (no reversal effect on resistance due to cytochrome P450 and glutathione S-transferase aka GST inhibitor), cyclohexanediones (DIMs) group of herbicides and phenyl pyrazoline (DEN) herbicide is due to Ile-2041-Val resistant biotype (Wang et al., 2021). Resistance in Lolium perenne has also been reported due to the same mutation against pinoxaden (Ghanizadeh et al., 2022). In Alopecurus aequalis mutation at the same position as Thr (Ile-2041-Thr) has been reported that confers resistance to FOP and DEN (Guo et al., 2017).

In our study, all the points discussed formerly (sequence and structural similarity of proteins) converge on the fact that there is no significant difference between the two proteins’ (P. minor and T. aestivum ACCase CT-domain) sequences and structures at the binding sites. The results of the computational study, conclude that the selective behavior of herbicides against weeds is not because of sequential or structural differences in protein. However, there are reports that mutations in ACCase protein at Trp2027 and Ile2041 (Raghav et al., 2016) could result in the development of resistance in P. minor against prescribed herbicides. The reported mutations are not at the catalytic site of the protein but lie close to it. It has been noted that the amino acid residues present within the vicinity of 4 Å of mutation sites are part of the catalytic site, thus it could be possible that the mutation has a partial effect on the binding of herbicides which needs to be explored, as an understanding mechanism of resistance is the primary step to design strategy for weed management.




4 Conclusion

The mechanism by which herbicides selectively target weeds has been an intriguing research area. One of the assumptions could be that P. minor ACCase is different from that of T. aestivum ACCase which eases the herbicides in recognizing its target. However, upon analysis, it has been confirmed that there is no significant difference between the sequence of P. minor and T. aestivum CT-domain of ACCase. It has also been noted that the herbicide binding site of both proteins is conserved i.e., there are no sequential or structural differences at the binding site within 4 Å of herbicide binding. The models have also been investigated concerning their structural detail, which reveals that proteins are exceedingly similar. The results rule out the assumption that herbicides recognize their target due to protein differences. Thus, a question remains unanswered about how the herbicide selectively targets the weed’s ACCase protein. The role of these structural regions has been explored through MD simulations to understand their structural integrity and effect on the binding of herbicides, still, the effect of mutation on weed resistance needs to be explored more.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.



Author contributions

The author BR and PR have equally contributed and should be considered individually and jointly as the first author. The computational work has been carried out by BR and PR. The manuscript was structured and prepared by BR and PR under the guidance of DS. All authors contributed to the article and approved the submitted version.



Funding

The authors are thankful to the Department of Science and Technology, India (File No. NASI/SoRFI/2014-15/19), Science and Engineering Research Board, India (File No. YSS/2015/001662), and the Department of Biotechnology, India (File No. BT/PR2487/AGIII/103/1179/2019), for their financial assistance.



Acknowledgments

The authors would like to acknowledge the Department of Bioinformatics, School of Earth, Environmental and Biological Sciences, Central University of South Bihar, NH-120, Gaya, Bihar- 824236.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

 Bhan, R., Froud-Williams, R., Preston, C., Watts, J., and Crossman, N. (2006). Phalaris spp. competition with wheat using an additive design series. Proc. 15th Aust. Weeds Conference Adelaide South Australia, 24–28.

 Bhullar, M. S., Pandey, M., Kumar, S., and Gill, G. (2016). Weed management in conservation agriculture in India. Ind. Jour. Weed Sci. 48, 1. doi: 10.5958/0974-8164.2016.00001.0

 Chhokar, R. S., and Malik, R. K. (2002). Isoproturon-resistant littleseed canarygrass (Phalaris minor) and its response to alternate herbicides1. Weed Technol. 16, 116–123. doi: 10.1614/0890-037X(2002)016[0116:IRLCPM]2.0.CO;2

 Chhokar, R. S., Sharma, R. K., and Sharma, I. (2012). Weed management strategies in wheat-a review. J. Wheat Res. 4, 1–21.

 Cornell, W. D., Cieplak, P., Bayly, C. I., Gould, I. R., Merz, K. M., Ferguson, D. M., et al. (1995). A second generation force field for the simulation of proteins, nucleic acids, and organic molecules. J. Am. Chem. Soc. 117, 5179–5197. doi: 10.1021/ja00124a002

 Davies, J., and Caseley, J. C. (1999). Herbicide safeners: a review. Pestic Sci. 55(11), 1043–1058. doi: 10.1002/(SICI)1096-9063(199911)55:11<1043::AID-PS60>3.0.CO;2-L

 Essmann, U., Perera, L., Berkowitz, M. L., Darden, T., Lee, H., and Pedersen, L. G. (1995). A smooth particle mesh ewald method. J. Chem. Phys. 103, 8577–8593. doi: 10.1063/1.470117

 Farago, S., Brunold, C., and Kreuz, K. (1994). Herbicide safeners and glutathione metabolism. Physiologia Plantarum 91, 537–542. doi: 10.1111/j.1399-3054.1994.tb02985.x

 Franke, A. C., McROBERTS, N., Marshall, G., Malik, R. K., Singh, S., and Nehra, A. S. (2003). Survey of phalaris minor in the Indian rice-wheat system. Ex. Agric. 39, 253–265. doi: 10.1017/S0014479703001303

 Ghanizadeh, H., Buddenhagen, C. E., Harrington, K. C., Griffiths, A. G., and Ngow, Z. (2022). Pinoxaden resistance in lolium perenne l. @ is due to both target-site and non-target-site mechanisms. Pesticide Biochem. Physiol., 184, 105103. doi: 10.1016/j.pestbp.2022.105103

 Gherekhloo, J., Osuna, M. D., and De Prado, R. (2012). Biochemical and molecular basis of resistance to ACCase-inhibiting herbicides in Iranian phalaris minor populations. Weed Res. 52, 367–372. doi: 10.1111/j.1365-3180.2012.00919.x

 Gherekhloo, J., Rashed Mohassel, M. H., Mahalati, M. N., Zand, E., Ghanbari, A. L. I., Osuna, M. D., et al. (2011). Confirmed resistance to aryloxyphenoxypropionate herbicides in phalaris minor populations in Iran. Weed Biol. Manage. 11, 29–37. doi: 10.1111/j.1445-6664.2011.00402.x

 Gornicki, P., Faris, J., King, I., Podkowinski, J., Gill, B., and Haselkorn, R. (1997). Plastid-localized acetyl-CoA carboxylase of bread wheat is encoded by a single gene on each of the three ancestral chromosome sets. Proc. Natl. Acad. Sci. 94, 14179–14184. doi: 10.1073/pnas.94.25.14179

 Guo, W., Zhang, L., Wang, H., Li, Q., Liu, W., and Wang, J. (2017). A rare ile-2041-Thr mutation in the ACCase gene confers resistance to ACCase-inhibiting herbicides in shortawn foxtail (Alopecurus aequalis). Weed Sci. 65, 239–246. doi: 10.1017/wsc.2016.32

 Harder, E., Damm, W., Maple, J., Wu, C., Reboul, M., Xiang, J. Y., et al. (2016). OPLS3: a force field providing broad coverage of drug-like small molecules and proteins. J. Chem. Theory Comput. 12, 281–296. doi: 10.1021/acs.jctc.5b00864

 Hatzios, K. K., and Burgos, N. (2004). Metabolism-based herbicide resistance: regulation by safeners. Weed Sci. 52, 454–467. doi: 10.1614/P2002-168C

 Hatzios, K. K., and Hoagland, R. E. (1989). “Mechanisms of action of herbicide safeners: an overview,” in Crop safeners for herbicides: Development, uses, and mechanisms of action, 65–101.

 Hermans, J., Berendsen, H. J., Van Gunsteren, W. F., and Postma, J. P. (1984). A consistent empirical potential for water–protein interactions. Biopolymers: Original Res. Biomol. 23, 1513–1518. doi: 10.1002/bip.360230807

 Hess, B., Bekker, H., Berendsen, H. J., and Fraaije, J. G. (1997). LINCS: a linear constraint solver for molecular simulations. J. Comput. Chem. 18, 1463–1472. doi: 10.1002/(SICI)1096-987X(199709)18:12<1463::AID-JCC4>3.0.CO;2-H

 Hess, B., Kutzner, C., van der Spoel, D., and Lindahl, E. (2008). GROMACS 4: algorithms for highly efficient, load-balanced, and scalable molecular simulation. J. Chem. Theory Comput. 4, 435–447. doi: 10.1021/ct700301q

 Incledon, B. J., and Hall, J. C. (1997). Acetyl-coenzyme a carboxylase: quaternary structure and inhibition by graminicidal herbicides. Pesticide Biochem. Physiol. 57, 255–271. doi: 10.1006/pest.1997.2279

 Jorgensen, W. L., Maxwell, D. S., and Tirado-Rives, J. (1996). Development and testing of the OPLS all-atom force field on conformational energetics and properties of organic liquids. J. Am. Chem. Soc. 118, 11225–11236. doi: 10.1021/ja9621760

 Kaur, H., Kaur, N., and Sethi, R. (2017). Allelopathic potential of rice varieties against major weeds of rice and wheat.

 Kishor, G., and Singh, D. V. (2018). Isoproturon tolerance and resistance in phalaris minor: sequence and structural similarity in phalaris minor and wheat D1 protein. Pesticide Res. J. 30, 246–250. doi: 10.5958/2249-524X.2018.00039.0

 Linda, P. C., Kim, Y. S., and Tong, L. (2010). Mechanism for the inhibition of the carboxyltransferase domain of acetyl-coenzyme a carboxylase by pinoxaden. Proc. Natl. Acad. Sci. 107, 22072–22077. doi: 10.1073/pnas.1012039107

 Malik, R. K., Bhan, V. M., Katyal, S. K., Balyan, R. S., and Singh, B. V. (1981). “Weed management problems in rice-wheat cropping system adoption of weed control technology in north western India,” in Abstracts of Papers, Annual Conference of Indian Society of Weed Science. 1981.

 Menéndez, J., and De Prado, R. (1999). Characterization of two acetyl-CoA carboxylase isoforms in diclofop-methyl-resistant and-susceptible biotypes of alopecurus myosuroides. Pesticide Biochem. Physiol. 65, 82–89. doi: 10.1006/pest.1999.2433

 Nikolau, B. J., Ohlrogge, J. B., and Wurtele, E. S. (2003). Plant biotin-containing carboxylases. Arch. Biochem. Biophys. 414, 211–222. doi: 10.1016/S0003-9861(03)00156-5

 Parrinello, M., and Rahman, A. (1981). Polymorphic transitions in single crystals. J. Appl. Phys. 52, 7182–7190. doi: 10.1063/1.328693

 Pieterse, P. J. (2010). Herbicide resistance in weeds–a threat to effective chemical weed control in south Africa. South Afr. J. Plant Soil 27, 66–73. doi: 10.1080/02571862.2010.10639971

 Podkowinski, J., Jelenska, J., Sirikhachornkit, A., Zuther, E., Haselkorn, R., and Gornicki, P. (2003). Expression of cytosolic and plastid acetyl-coenzyme a carboxylase genes in young wheat plants. Plant Physiol. 131, 763–772. doi: 10.1104/pp.013169

 Raghav, N., Singh, R., Chhokar, R. S., Sharma, D., and Kumar, R. (2016). Mutations in the plastidic ACCase gene endowing resistance to ACCase-inhibiting herbicide in phalaris minor populations from India. 3 Biotech. 6, 1–5. doi: 10.1007/s13205-015-0331-4

 Rani, P., Kumari, J., Agarwal, S., and Singh, D. V. (2019). Binding mode of aryloxyphenoxypropionate (FOP) and cyclohexanedione (DIM) groups of herbicides at the carboxyl transferase (CT) domain of acetyl-CoA carboxylase of phalaris minor. Netw. Model. Anal. Health Inf. Bioinf. 8, 1–14. doi: 10.1007/s13721-019-0190-8

 Riechers, D. E., Vaughn, K. C., and Molin, W. T. (2005). The role of plant glutathione s-transferases in herbicide metabolism (ACS Publications).

 Ryckaert, J.-P., Ciccotti, G., and Berendsen, H. J. (1977). Raghav. J. Comput. Phys. 23, 327–341. doi: 10.1016/0021-9991(77)90098-5

 Schmid, N., Eichenberger, A. P., Choutko, A., Riniker, S., Winger, M., Mark, A. E., et al. (2011). Hermans J. Eur. Biophys. J. 40, 843–856. doi: 10.1007/s00249-011-0700-9

 Singh, S. (2007). Role of management practices on control of isoproturon-resistant littleseed canarygrass (Phalaris minor) in India. Weed Technol. 21, 339–346. doi: 10.1614/WT-06-150.1

 Singh, D. V., Adeppa, K., and Misra, K. (2012). Mechanism of isoproturon resistance in phalaris minor: in silico design, synthesis and testing of some novel herbicides for regaining sensitivity. J. Mol. Model. 18, 1431–1445. doi: 10.1007/s00894-011-1169-2

 Wang, J., Peng, Y., Chen, W., Yu, Q., Bai, L., and Pan, L. (2021). The ile-2041-Val mutation in the ACCase gene confers resistance to clodinafop-propargyl in American sloughgrass (Beckmannia syzigachne steud). Pest Manage. Sci. 77, 2425–2432. doi: 10.1002/ps.6271

 Webb, B., and Sali, A. (2016). Comparative protein structure modeling using MODELLER. Curr. Protoc. Bioinf. 54, 5–6. doi: 10.1002/cpbi.3

 Wiederstein, M., and Sippl, M. J. (2007). ProSA-web: interactive web service for the recognition of errors in three-dimensional structures of proteins. Nucleic Acids Res. 35, W407–W410. doi: 10.1093/nar/gkm290

 Yu, Q., Collavo, A., Zheng, M.-Q., Owen, M., Sattin, M., and Powles, S. B. (2007). Diversity of acetyl-coenzyme a carboxylase mutations in resistant lolium populations: evaluation using clethodim. Plant Physiol. 145, 547–558. doi: 10.1104/pp.107.105262

 Zhang, H., Tweel, B., and Tong, L. (2004). Molecular basis for the inhibition of the carboxyltransferase domain of acetyl-coenzyme-A carboxylase by haloxyfop and diclofop. Proc. Natl. Acad. Sci. 101, 5910–5915. doi: 10.1073/pnas.0400891101



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Rajak, Rani, Singh and Singh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-13-1056474-g003.jpg
Psi (degrees)

-1354

saves

5

SER 596

SER 1168

o

4 ASEA33 AsPgS
LEge

ke 3 1
ARGL056 ‘b
s =
ASP 6004 .
= . GLU 590
b LYS 1152 =
Ll =
-1 .
LYS 669
e S |

SER 10}

TYR 54
- ~b AN
—Jmw s |

450 45

Phi (degrees)

9 135 180

Psi (degrees)

saves

290+

-1354

1

GLU 1343 (B)

GLN 1348 (A)
0

I

-l

ARG 1315 (B)
nE 198 @)

Phi (degrees)






OEBPS/Images/fpls-13-1056474-g001.jpg
Consensus
Conservation
Charge variation
B2ZGL3

Q84U78

Consensus
Conservation
Charge variation
B2ZGL3

084U78

Consensus
Conservation
Charge variation
B2ZGL3

084U78

Consensus
Conservation
Charge variation
B2ZGL3

084U78

Consensus
Conservation
Charge variation
B2ZGL3

084U78

Consensus
Conservation
Charge variation
B2ZGL3

084U78

Consensus
Conservation
Charge variation
B2ZGL3

084U78

Consensus
Conservation
Charge variation
B2ZGL3

Q84U78

AL

STPEYPsGRQ

STPEYPNGRQ

STPEFPSGRQ

81

GFqQYIYLTEE

GFQYIYLTEE

GFSYIYLTEE

161l

GAYLARLGTIR

GAYLARLGTIR

GAYLARLGIR

241

GPLPITKSI1D

GPLPITKSLD

GPLPITKSFD

321

QTMMQLAiPAD

QTMMQLIPAD

QTMMQLVPAD

401

LRTYNQPAFV

LRTYNQPAFV

LRTYNQPAFV

481

LQGaKHENGS

LQGVKHENGS

LQGAKHENGS

561

LAKEIRG

LAKEIRG

LAKEIRG

IiVIANDITF

IVVIANDITF

IIVIANDITF

91

DyaRISsSVI
|

DHARISTSVI

DYGRISSSVI

17,

CIQRTDOQPITI

CIQRTDOQPITI

CIQRTDQPITI

251

PLADRPVAYIP

PPDRPVAY I P

PIDRPVAYIP

331
PGQPDSHERS

PGQLDSHERS

PGQPDSHERS

411

YIPKAAELRG

YIPKAAELRG

YIPKAAELRG

491

LpesESLQgKS

LPESESLQKS

LSDGESLLKS

RAGSFGPRED

RAGSFGPRED

RAGSFGPRED

101

AHKMQLDSsSGE

AHKMQLDNGE

AHKMQLDSGE

181

LTGYSALNKL

LTGFSALNKL

LTGYSALNKL

261

ENTCDPRAATI

ENTCDPRAATI

ENTCDPRAATI

341

VPRAGQVWFP

VPRAGQVWFP

VPRAGQVWFP

421

GAWVVIDSKI

GAWVVIDSKI

GAWVVIDSKI

501

IEARKKQqQLLP

|
IEARKKQLLP

IEARKKHLLP

AFFEaVTNLA

AFFETVTNLA

AFFEAVTNLA

111

IRWVIDSVYVG

IRWVIDSVVG

IRWVIDSVVG

191

LGREVYSSHM

LGREVYSSHM

LGREVYSSHM

271

SGIDDSQGKW

|
SGIDDSQGKW

SGIDDSHGKW

351

DSATKTAQAM

DSATKTAQAM

DSATKTAQAM

431

NPDRIECcCYAE

NPDRIEFYAE

NPDRIECYAE

Sl

LYTQIAiRFA

LYTQIAVRFA

LYTQIAIRFA

41

CEkKKLPLIYL

CERKLPLIYL

CEKKLPLIYL

121

KEDGLGVENTI

KEDGLGVENTI

KEDGLGVENTI

201

QLGGPKIMAT

QLGGPKIMAT

QLGGPKIMAT

281

LGGMFDEKDSF

LGGMFDKDSF

LGGMFDKDSF

361

LDFNREGLPL

LDFNREGLPL

LDFNREGLPL

441

RTAKGNVLEP

RTAKGNVLEP

RTAKGNVLEP

521

ELHDTSLRMA

ELHDTSLRMA

ELHDTSLRMA

AANSGARIGI

AANSGARIGI

AANSGARIGI

131

HGSAAIASAY

HGSAAIASAY

HGSAAIASAY

211

NGVVHLTVSD

NGVVHLTVSD

NGVVHLTVSD

291

VETFEGWAKS

VETFEGWAKS

VETFEGWAKT

371

FILANWRGEFS

FILANWRGEFS

FILANWRGEFS

451

QGLIEIKFRS

QGLIEIKFRS

QGLIEIKFRS

531

AKGVIkKkKVVD

AKGVIKKVVD

AKGVIRKVVD

6l

ADEVKSCFRYV

ADEVKSCFRYV

ADEVKSCFRYV

141

SRAYEETFTL

SRAYEETFTL

SRAYEETFTL

221.

DLEGVSNILR

DLEGVSNILR

DLEGVSNILR

301

VVTGRAKLGG

VVTGRAKLGG

VVTGRAKLGG

381
GGQRDLFEGTI

GGQRDLFEGI

GGQRDLFEGI

461

EELQECMGRL

EELQECMGRL

EELQECMGRL

541

WEDSRSFFYK

WEDSRSFFYK

WEDSRSFFYK

71

GWSDDsSPER

GWSDDGSPER

GWSDDSSPER

151

TFVTGRTVGI

TFVTGRTVGI

TFVTGRTVGI

231

WLSYVPANTIG

WLSYVPANTIG

WLSYVPANIG

311

IPVGVIAVET

IPVGVIAVET

IPVGVIAVET

391

LQAGSTIVEN

LQAGSTIVEN

LQAGSTIVEN

471

DPELINLKAK

DPELINLKAK

DPELINLKAK

551

RLRRRiSEDI1

RLRRRISEDV

RLRRRLSEDL





OEBPS/Images/fpls-13-1056474-g005.jpg
RMSD (nm)

0.6

T L3

Phalaris minor_apo

Wheat_apo
Difference_apo






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Sequence and structural similarities of ACCase protein of Phalaris minor and wheat: An insight to explain herbicide selectivity

      

        		

          1 Introduction

        



        		

          2 Material and methods

        

          		

            2.1 Sequence retrieval and alignment

          



          		

            2.2 Homology modelling of proteins

          



          		

            2.3 Molecular dynamics simulation

          



        



        



        		

          3 Results and discussions

        

          		

            3.1 Sequence analysis of proteins

          



          		

            3.2 Validation of modelled proteins

          



          		

            3.3 Structural similarity in ACCase CT-domain of P. minor and T. Aestivum

          



        



        



        		

          4 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls.2022.1056474_cover.jpg
& frontiers | Frontiers in Plant Science

Sequence and structural
similarities of ACCase protein of
Phalaris minor and wheat:
An insight to explain
herbicide selectivity





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Modelled protein Ramachandran Plot statistics (in %)

Highly favoured region Favoured Region Disallowed Region

L P. minor 89.5 9.6% ‘ 09

2. T. aestivum 90.6 8.8% ‘ 0.6





OEBPS/Images/fpls-13-1056474-g002.jpg
Catalytic
site





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-13-1056474-g004.jpg





OEBPS/Images/table1.jpg
CT-domain of Query Protein Selected template Query Sequence Template's E-

ACCase protein (Uniprot ID.) (PDB ID.) coverage identity resolution value
1. P. minor Q84U78 1UYR 92% 51.42% 260 A 0.0 ‘

2. T. aestivum B2ZGL3 3PGQ 99% 45.02% 280 A 8e-106 ‘





