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            Abstract
The human microbiome encodes a large repertoire of biochemical enzymes and pathways, most of which remain uncharacterized. Here, using a metagenomics-based search strategy, we discovered that bacterial members of the human gut and oral microbiome encode enzymes that selectively phosphorylate a clinically used antidiabetic drug, acarbose1,2, resulting in its inactivation. Acarbose is an inhibitor of both human and bacterial Î±-glucosidases3, limiting the ability of theÂ target organism to metabolize complex carbohydrates. Using biochemical assays, X-ray crystallography and metagenomic analyses, we show that microbiome-derived acarbose kinases are specific for acarbose, provide their harbouring organism with a protective advantage against the activity of acarbose, and are widespread in the microbiomes of western and non-western human populations. These results provide an example of widespread microbiome resistance to a non-antibiotic drug, and suggest that acarbose resistance has disseminated in the human microbiome as a defensive strategy against a potential endogenous producer of a closely related molecule.
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                    Fig. 1: Metagenomic discovery of Maks from the human microbiome.[image: ]


Fig. 2: Mak1 and AcbK phosphorylate and inactivate acarbose with similar enzyme kinetics.[image: ]


Fig. 3: Crystal structures of Mak1 and AcbK reveal their structural similarity and specific acarbose interacting residues.[image: ]


Fig. 4: Biological relevance of Maks and a potential origin for Mak1 in the human oral microbiome.[image: ]
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                Data availability

              
              Associated data are provided in Extended Data Figs. 1â€“9 and Supplementary Tables 1â€“10. Structures of seleno-methionine Mak1, Mak1 bound to AMP-PNP and acarbose and AcbK bound to AMP-PMP and acarbose are available in the Protein Data Bank under accession codes 6WB4, 6WB5 and 6WB7, respectively. Publicly available datasets used in the metagenomic analyses performed here were obtained as follows: HMP-1-1 (43021), Chinese (PRJNA422434), MetaHIT (PRJEB1220), Fijicomp (PRJNA217052), HMP-1-2 (PRJNA275349, PRJNA48479), human clinical trial with acarbose (PRJEB14155). The following datasets were used in metatranscriptomic analyses: PRJNA354235, PRJNA389280, PRJNA398089, PRJEB4673, PRJNA221620, https://www.mg-rast.org/linkin.cgi?project=mgp5148, PRJNA383868.

            

Code availability

              
              MetaBGC (v.1.3.3, https://github.com/donia-lab/MetaBGC) was used to discover AcbK homologues in unassembled metagenomic sequencing data, following the details and parameters described in theÂ Methods.
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Extended data figures and tables

Extended Data Fig. 1 Identification of AcbK homologues using MetaBGC.
a. Number of true positive (TP) reads identified in synthetic metagenomic dataset number 2 for all spHMMs created by MetaBGC-Build. b. Number of false positive (FP) reads identified in synthetic metagenomic dataset number 2 for all spHMMs created by MetaBGC-Build. c. F1 scores of all spHMMs created by MetaBGC-Build. Only spHMMs with F1 scores â‰¥ 0.5 were used in MetaBGC-Identify runs with real metagenomic data. d. spHMM logos for spHMMs included in MetaBGC-Identify. Please see Supplementary Table 2 for spHMM cutoffs used for all intervals.


Extended Data Fig. 2 Phylogenetic analysis of Mcks/Maks and prevalence of selected maks and pmaks in metagenomic samples of various human cohorts.
a. A maximum likelihood phylogenetic tree for all AcbK homologues discovered in this study (Mcks). The tree was constructed using MEGA7, with bootstrap values of more than 50% out of 1000 replicates displayed at the branch points (seeÂ Methods). The tree includes previously characterized acarbose kinases from soil-derived Actinobacteria (red label, AcbK, GacK, and ScatK), the canonical phosphofructokinase from E. coli (PfkB), Mcks that were experimentally verified to have (green label, designated as Maks) or lack (blue label) an acarbose-O6A-kinase activity, and ones that have not been experimentally tested (black label). pMaks indicate putative Maks in the AcbK clade. b. Prevalence of selected maks and pmaks expressed as the percentage of positive individuals out of the total, across different cohorts and sampling sites and subsites (brown: gut; teal: oral). The total number of individuals in each cohort is indicated above their corresponding bar chart. Prevalence of all mcks in all cohorts can be found in Supplementary Table 2.


Extended Data Fig. 3 Purification and biochemical characterization of a subset of Mcks/Maks.
a. Fast Protein Liquid Chromatography (FPLC) chromatograms of AcbK (a) and Mck1/Mak1 (b) purification by size exclusion chromatography, monitored at the indicated absorbance wavelengths. Coomassie stained SDS-PAGE of the collected fraction is shown on the right side of each chromatogram. c. Coomassie stained SDS-PAGE of the collected fractions for the eight additional Mcks that were tested. All Mcks were purified in the same manner as AcbK and Mck1/Mak1 (seeÂ Methods). The data shown in a, b are representative examples from among at least three different times the same experiment was performed and produced similar results. The data shown in in c is a representative example from among at least two different times the same experiment was performed and produced similar results. d. Representative Extracted Ion Chromatograms (EICs) for acarbose (m/z = 646.4, [M+H]+) from the products of a reaction of Mck1/Mak1 (red) or a no-protein control (blue) with acarbose. e. Representative EICs for acarbose-O6A-phosphate (m/z = 726.4, [M+H]+) from the products of a reaction of Mck1/Mak1 (red) or a no-protein control (blue) with acarbose (the two peaks have identical MS, HRMS, and HRMS/MS and are likely isomers of the same molecule or charge variants that elute differently, as seen with AcbK, see Extended Data Fig. 5). This product is often referred to as acarbose-7-phosphate in the literature, but for consistency, we will refer to all acarbose positions based on their displayed numbering in Fig. 1a, which matches previous PDB depositions (PDB Ligand Code: ACR). Note the complete conversion of acarbose to acarbose-O6A-phosphate. SeeÂ Methods for the complete experimental details.


Extended Data Fig. 4 Abundances of all metagenomic read bins discovered by MetaBGC.
Heatmap showing the abundance of all identified bins in the five analysed cohorts as calculated by MetaBGC, and following the colour codes to the right. See Supplementary Table 2 for the complete results of this analysis and Supplementary Table 1 for corresponding Mck/Mak identifiers for each bin. Samples that had no reads mapped to any bin were excluded from the heatmap. Hierarchical clustering of the samples and bins was performed using UPGMA (unweighted pair group method with arithmetic mean) in pheatmap in R.


Extended Data Fig. 5 HPLC-HRâ€“MS and HPLC-HRâ€“MS/MS analyses of acarbose-O6A-phosphate produced by AcbK and Mak1.
Extracted Ion Chromatograms (EICs) of acarbose-O6A-phosphate produced by AcbK (a), Mak1 (d), and a co-injection of the two (f), indicating that their products are identical. EIC is displayed for m/z = 726.2-726.3 [M+H]+ in all cases. b, c, e, g, HR-MS of the two acarbose-O6A-phosphate peaks produced by either AcbK (b, c) or Mak1 (e, g), following the numbering scheme on the individual EIC peaks. h, i, identical HR-MS/MS fragmentation patterns of the two EIC peaks of acarbose-O6A-phosphate from the co-injection analysis in f. The structure of acarbose-O6A-phosphate is shown on the right, along with its predicted fragments and their calculated mass to charge ratios that match observed ones.


Extended Data Fig. 6 Additional biochemical characterization of Mak1 and AcbK.
a. Phosphorylation rates (relative to the acarbose phosphorylation rate, which is set as 100%) at which Mak1 and AcbK phosphorylate a diverse panel of carbohydrates and aminoglycosides with structural similarities to acarbose. No phosphorylation was detected for all but one (validamycin) of the substrates under the same experimental conditions (seeÂ Methods). Experiments were done in duplicates with the average value used for rate comparisons; raw data is available in Supplementary Table 3. b. Michaelis-Menten saturation curves for AcbK (grey) and Mak1 (blue) performed at 1 Î¼mÂ enzyme concentration. Km and kcat values are indicated in their respective colours and individual kobs measurement replicates are shown on the graph for both enzymes. Raw data is available in Supplementary Table 3. c. kobs of both AcbK (grey) and Mak1 (blue) across different temperatures from 25-40â€‰Â°C in 3â€‰Â°C steps. The difference in kobs between the two enzymes can be seen across different temperatures. d, e. Hill plot (logarithm of kobs on the the y axis and logarithm of protein concentration on the x axis) of Mak1 (d) and AcbK (e). The Hill coefficient (slope) is greater than 1 for Mak1 (d, n=1.71 Â± 0.06, n=1 is shown in grey dashed line for reference) but not for AcbK (e, n=1.13 Â± 0.02), suggesting that only Mak1 is a cooperative enzyme. f. Relative change in kobs (y axis) for the single mutants D160A and D247A as well as the double mutant (D160A, H162A) of Mak1 as compared to wild type protein (N= 2). g. Extracted Ion Chromatograms (EICs) for acarbose (left, m/z = 646.4, [M+H]+) and acarbose-O6A-phosphate (right, m/z = 726.4, [M+H]+), showing that the addition of EDTA (blue traces) abolishes the activity of Mak1, while the addition of excess MgCl2 (red traces) restores it.


Extended Data Fig. 7 Additional structural details of AcbK.
a. AcbK forms homodimers with extensive interactions between the two monomers. These interactions include multiple Î² strands in the Î²-clasp domain, most notably the Î²3 of one monomer and the Î²8 of the other (magenta highlighted box, with Î² strands from each monomer shaded differently for clarity). A molecular surface view is shown on the right with one AcbK monomer coloured green and the other coloured blue, highlighting the extensive surface area (1,298â€‰Ã…2) involved in forming the dimer via the Î²-clasp domains. b. Zoomed in view of the AcbK substrate binding pocket where an extensive network of hydrogen bonds (from residues Asp16, Asn99, Ser109, and Asp248) form with all the hydroxyl groups in the acarbose A ring and hold it in place. Distances are shown for each of the hydrogen bonds mentioned above. c. Zoomed in view of the AcbK active site with important residues shown (Asp162, His164, Asp248), all involved in priming the O6A hydroxyl of acarbose for nucleophilic attack and in facilitating the transfer of the phosphate from an ATP (AMP-PNP shown) to the O6A hydroxyl of acarbose. Distance shown is from the O6A hydroxyl to the Î³-phosphate. d. Full-length amino acid sequence alignment of experimentally tested Mcks/Maks, as well as AcbK and PfkB. The bars on the top of the alignment denote the average pairwise percent identity at each residue. e. Selected segments of the amino acid sequence alignment of experimentally tested Mcks/Maks, as well as AcbK and PfkB. Blue colours highlight amino acid residues that are deemed important for hydrogen bonding with the A ring of acarbose, yellow colours highlight those involved in the transfer of the phosphate group to acarbose and green indicates a residue involved in both processes. Grey colours indicate other conserved residues in the alignment. The bars on the top of the alignment denote the average pairwise percent identity at each residue.


Extended Data Fig. 8 Additional functional and genetic analyses of maks and end.
a. Normalized bacterial growth at 48â€‰h, measured as the optical density at 600 nm and presented as a percentage of the untreated control. Different bars indicate treatments with varying acarbose concentrations for each of the tested strains: A. viscosus expressing mak1 (blue) and A. viscosus harbouring an empty-vector control (grey). mak1 expression resulted in a statistically significant rescue of the carbohydrate-dependent growth inhibitory activity of acarbose at several concentrations. Error bars represent the standard error of the mean among four replicates and â€œ*â€� denotes a p-value < 0.01 (using a two-sample t-test assuming unequal variances): 0.5 ÂµM, p=3.33x10-5; 5 ÂµM, p=2.17x10âˆ’5; 10 ÂµM, p=2.37x10âˆ’8; 50 ÂµM, p=2.96x10âˆ’5; and 100 ÂµM, p=5.94x10âˆ’3. See Supplementary Table 6 for the raw experimental data. b, c. HbA1c (b) and fasting blood glucose (c) levels in mak-negative (N=8, blue) and mak-positive (N=8, red) Type 2 Diabetes patients treated with acarbose. The bar graphs show mean Â± SD. Repeated measures analysis of variance (ANOVA) with Tukeyâ€™s post hoc test was used for comparing different time points in each group. Compact letter displays were used to indicate the statistical differences (P < 0.05) between different time points. The difference between groups at each post-treatment time point was evaluated by an ANCOVA model controlling for the baseline measurements. * P < 0.05. We observed statistically significant reductions in both HbA1c and fasting blood glucose levels only in mak-negative patients. In addition, at day 84, mak-negative patients showed significantly larger reduction of HbA1c (PANCOVA = 0.011) and fasting blood glucose levels (PANCOVA = 0.024) from baseline than mak-positive patients. d. Genetic context of all maks and pmaks, as well as acbK, gacK and scatK, following the colour key to the right. e. A simplified biosynthetic scheme for acarbose by gac, with gac proteins involved at each step shown above the arrows. Homologous end proteins are shown below the arrow, accounting for most of the core biosynthetic steps needed for acarbose production.


Extended Data Fig. 9 Distribution of mak1 and end variants in the human microbiome.
a. Percentage of samples across different cohorts that are positive for either mak1 (blue) or end (green). mak1 was considered â€œpresentâ€� in a given sample if any reads mapped to it, and end was considered â€œpresentâ€� in a given sample if it had a breadth coverage of >25% of its length. SP stands for supragingival plaque. See Supplementary Table 8 for detailed results of this analysis. b. Genetic context of all five end variants discovered, following the colour code on the right. Note that most variants exist in close proximity to a transposase gene, suggesting a role in their mobility. c. Relative RPKM (y axis, defined as the RPKM of the gene of interest divided by the RPKM of the entire end cluster) of each end gene (x axis). Ten examples of human metagenomic samples (supragingival plaque, HMP) are shown in the top graph, where the depth of coverage is uniform across all end genes. Ten examples of human metagenomic samples (supragingival plaque, HMP) are shown in the bottom graph, where a clear spike in the depth of coverage can be observed around the endM/mak1 gene, indicating the presence of at least two different end genetic variants in these samples. Next to each graph is a representative example of metagenomic reads from supragingival plaque samples mapped to the end BGC. See Supplementary Table 10 for detailed results of this analysis. d. A heatmap showing the abundance (in RPKM) of all end genes in supragingival plaque samples of the HMP cohorts (HMP-1-1 and HMP-1-2). Different samples harbour different genetic contexts (or variants) of the end BGC: 14-gene, 8-gene, 4-gene, 2-gene, or stand-alone mak1/endM. Samples are sorted according to their classification into one of these five genetic variants listed above. e. Metagenomic reads from five different supragingival plaque samples mapped to the end BGC (seeÂ Methods). Each of the five samples illustrates an example for one of the unique genetic variants described above. f. A Pie chart showing the distribution of the five genetic variants amongst HMP participants (supragingival plaque samples). If participants had multiple visits and different variants across visits, they were classified into end (multiple variants) (see Supplementary Table 10).





Supplementary information
Supplementary Figure 1
Raw unedited images for gels shown in Extended Data Figure 3. a, Raw unedited gel image that corresponds to the cropped gel image shown in Extended Data Figure 3a. The ladder bands are labelled on the y-axis and the x-axis labels indicate sample names. Samples labelled as NA belong to an experiment unrelated to this manuscript. b, Raw unedited gel image that corresponds to the cropped gel image shown in Extended Data Figure 3b. The ladder bands are labelled on the y-axis and the x-axis labels indicate sample names. c, Raw unedited gel image that corresponds to the cropped gel image shown in Extended Data Figure 3c. The ladder bands are labelled on the y-axis and the x-axis labels indicate sample.


Reporting Summary

Supplementary Table 1
Additional information about AcbK homologues identified from all computational searches.


Supplementary Table 2
Details and results of MetaBGC analyses.


Supplementary Table 3
Raw enzymatic assay data for Maks/Mcks characterized in this study.


Supplementary Table 4
Raw data for the amylase inhibition assay with acarbose and acarbose-O6A-phosphate.


Supplementary Table 5
AcbK and Mak1 crystal structure refinement statistics.


Supplementary Table 6
Raw data for the A. viscosus growth rescue experiment.


Supplementary Table 7
Quantification of mak and pmak genes in faecal metagenomic datasets from a recent acarbose human clinical trial16.


Supplementary Table 8
Quantification of mak1 and end across all samples and cohorts.


Supplementary Table 9
Comparison between the end and gac BGCs.


Supplementary Table 10
Analysis of end genetic variants in supragingival plaque samples of HMP participants.





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Balaich, J., Estrella, M., Wu, G. et al. The human microbiome encodes resistance to the antidiabetic drug acarbose.
                    Nature 600, 110â€“115 (2021). https://doi.org/10.1038/s41586-021-04091-0
Download citation
	Received: 29 July 2020

	Accepted: 01 October 2021

	Published: 24 November 2021

	Issue Date: 02 December 2021

	DOI: https://doi.org/10.1038/s41586-021-04091-0


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Roles of the gut microbiome in weight management
                                    
                                

                            
                                
                                    	Rachel N. Carmody
	Jordan E. Bisanz


                                
                                Nature Reviews Microbiology (2023)

                            
	
                            
                                
                                    
                                        Targeting the human gut microbiome with small-molecule inhibitors
                                    
                                

                            
                                
                                    	Amelia Y. M. Woo
	Miguel A. Aguilar Ramos
	Emily P. Balskus


                                
                                Nature Reviews Chemistry (2023)

                            
	
                            
                                
                                    
                                        Inactivation of the antidiabetic drug acarbose by human intestinal microbial-mediated degradation
                                    
                                

                            
                                
                                    	Jinzhong Tian
	Chong Li
	Weihong Jiang


                                
                                Nature Metabolism (2023)

                            
	
                            
                                
                                    
                                        Gut bacteria thwart the blood sugar-lowering effect of acarbose
                                    
                                

                            
                                
                                    	Melanie M. Brauny
	Lisa Maier


                                
                                Nature Metabolism (2023)

                            
	
                            
                                
                                    
                                        Gut microbiota: a potential target for improved cancer therapy
                                    
                                

                            
                                
                                    	Mingkuan Zhao
	Gen Jiang
	Jie Zhou


                                
                                Journal of Cancer Research and Clinical Oncology (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
