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



 

 

 

 

 –

 

 

 

 

 

 


 


 
α

 


 

 

































 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Ȗ  Ȗ 

 

 

 

 

 

 

 

 

 

 

 

 

 









 

 

 

 

 

 

 

 

 

 

 

 

 

 

α umor necrosis factor α

 

 

 

 
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

           

  –

            

           

“End 

TB Strategy”           







   

          

          



              

        

    





















 

              

            

            

         

  





    

           







  



    

–

     








 





            

     

     





       

            



              

             



           

 

  subunit ȕ         

             



             





           







–

            

          



      



           

     


















           

            

           

           – 



           

              

        –





             

           

            















 –
        

       














       ’        


           









             

           

         

–
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





      


















 





           





–

 

     









              

            



           

       

               





             












αThere are two pathways by which α

             
. Using M1P as a substrate, α


          

     

contain characteristic ȕαalkyl fatty acids and are classified as α



     

Although the ratio of α

complex, α





             



          

           

              





mycolic ȕ










            



    

         



            



unit binds an unbranched chain of alternating ȕ1→5 and ȕ1→





           







linked by ȕ1→

  

             



susceptibility to ȕ





     



   







     



              

         

   

            

     

        –  










              



             











          

 



      

           





           

         



     PM, peptidoglycan, mycolic acids, and α 

–

            







            

–


















              



             



          



   –        





–

     

         

           

      

–

            

          







          



          

         

           





in the 5’ UTR of the target  





         


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



           

   

            ’s









































the world’s deadliest pathogen

     

is impeded by the mycobacteria’s ability to evade the effect of, 





            







     



 



           

–





–











      

   

      

     



           





           












             

             

   

    








































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
















 











   


  



  


Hγ7Rv_ΔMTS1γγ8 ΔMTS1γγ8::Ȗδres
Ȗδres, Knockout mutant, Hyg




Hγ7Rv_ΔMTSβ8βγ ΔMTSβ8βγ::Ȗδres
Ȗδres, Knockout mutant, Hyg





  








alpha F’lq 



















 










          

transformed according to the manufacturer’s protocol. The cells 













   



at β500 V, 1000 Ω, 

  









             



           



  

   





           





           
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



pΔβ8βγ Construction of ΔMTS1γ88 knockout 



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 

       

following the manufacturer’s protocol







     







           

  

    

 





           

             










        

  ́ 









              















–



analytical column was a fused silica capillary (75 μm × 45 cm) with an integrated PicoFrit 

         AQ 1.9 μm resin 







                

             

0.6 μl





–

          



  

–














      

      

          



   



         





         

          

         





           

 

          

to “Trypsin/P”. 







              







          





















             








           











           
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         
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





    





            

            











      

         

           

            






downregulated in Hγ7Rv_ΔMTS1γγ8 and upregulated in Hγ7Rv_ΔMTSβ8βγ. 

        



   



 

          

         





ΔMTSβ8βγ, 







 

stationary phase of Hγ7Rv_ΔMTS1γγ8        



             

















             

         

       
















           





–



              

         

       

            





    
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  











          








          

–



     













   Hγ7Rv_ΔMTS1γγ8 and Hγ7Rv_ΔMTSβ8βγ   





            











          



          

            







    

           



host interactions, we used the knockout mutants Hγ7Rv_ΔMTS1γγ8 and 

Hγ7Rv_ΔMTSβ8βγ to evaluate potential infection    



            

             

           








       Hγ7Rv_ΔMTS     









           





    

in Hγ7Rv_ΔMT

   

 

               











 



       





        

        





          



  



            

           



           








          





           

            

            







    

           

            

         

        

           



           











































 

 Sensi, P. History of the Development of Rifampin Author ( s ): P . Sensi Source : 


by : Oxfo. –

 
–

 –

 
–

 

–

 


 


 

–

 

–

 

–

 

–


 
–

 

–

 

–

 
–

 


 






–

 
–

 
–

 
ȕ–

 

–

 
–

 



 
–

 

–

 

–

 –


 



 
–

 

–

 
–

 
–

 

–

 

–

 






–

 

–

 



 


 
–

 
–

 
–

 


–

 
–

 


–

 

–

 

–

 

–

 
–

 –


 

–

 
–

 
–






 


 
–

 



 

–

 
‐
–

 
–

 
–

 
–

 

–

 
–

 

ȕ
–

 
σ
–

 
–

 
–

 


 
putative, ‘dormancy associatedtranslation inhibitor (DATIN)’. –

 
–
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         

         

         

(“flopped”)    

          





      



      

   





The α        






       



       

          

     

 

    





     

          



             –

        

          



–

          



            



            

  



           

             

        





       

     

      

      

     

    

Decaprenylphosphoribose 2′ epimerase composed of DprE1 (Rv3790) and DprE2 (Rv3791) 

 








          

              

        



–









         






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  

         





  






          

– 



        



           

         

         

            

 



           



           



      

   

 

           



        

        



 





  



        

   

          

           



           

      

         










≥1 or ≤

           

             



        ≤0.05 (Student’s T

         

          

   

 



  







              

        
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

        



          





                



           

            



        

 hydrophilic amino acids that resemble a “polar pocket” between 

α

             










           

        

     





             











         

 

    

             

   

    







       



 













            



               

       










            

  

 

          

         



            
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







        





   



μ

–



            



1.9 μm resin from Dr. Maisch. The analytical column was enclosed 

             



  





–0.6 μl/min. Peptides were   









–






















              









             



           











     





          

     m™ MP using the Cawomat 2000 IR 









grown with 10 μCi/mL of radiolabeled 











  


















with 10 μCi/mL of 





              



μl CHCl

            

        











         

       

















          



          

  





            


















   







    







stirred three times for one hour, mixed with 50 μ











        







    



Δ





            



             

(Greiner) in a total volume of 100 μL. To differentiate     

         

       

           

        



 CFU/mL. 100 μL of this cell suspension was added to each well containing 

    

       phagocytized bacteria, and 100 μL RPMI 
























 
        

 


 

         


 
     


 
         



          
        


           


 



            
         


 


 
  


          



 


         
        –







         
        


 


        


    


         


              
        


     
       


            
       


    




 


          
         


          



           


 



  



           



           


    



 


 


 








 
           


     


 


          
           


 
        


 


            


            


            


              


 


  


 
          


       



 



 



 


 
         


 


        
       



          


 
      







 
         


     
          


 



   


 


             


 
       



    


 





 












          

          
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      



  



          

–

  

           

–














         



     

      

       

     

    

Decaprenylphosphoribose 2′ epimerase composed of DprE





  

            



       






















       







           







≥1 or ≤

            

≤

(Student’s T        
































         

≤ ≥ 1; P ≤ 0.05








 






















   

  



   

   

   

   

   

   

   

   

   

   

   






















   

  



   

  




  















    

   

   








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



NEB5α  


  








 Sequence [5‘ –3‘]
 
 
 
 
 
 




















 
 
 
 
 
 
 
 
 
 
 
 
 


























 

 

 



 


 


 


 


 


 


 
 
 
 
 
 
 
 
 
 
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A temperature-sensitive Mycobacterium smegmatis glgE mutation leads to a 
loss of GlgE enzyme activity and thermostability and the accumulation of 
α-maltose-1-phosphate 
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A B S T R A C T   

Background: The bacterial GlgE pathway is the third known route to glycogen and is the only one present in 
mycobacteria. It contributes to the virulence of Mycobacterium tuberculosis. The involvement of GlgE in glycogen 
biosynthesis was discovered twenty years ago when the phenotype of a temperature-sensitive Mycobacterium 
smegmatis mutation was rescued by the glgE gene. The evidence at the time suggested glgE coded for a glucanase 
responsible for the hydrolysis of glycogen, in stark contrast with recent evidence showing GlgE to be a poly-
merase responsible for its biosynthesis. 
Methods: We reconstructed and examined the temperature-sensitive mutant and characterised the mutated GlgE 
enzyme. 
Results: The mutant strain accumulated the substrate for GlgE, α-maltose-1-phosphate, at the non-permissive 
temperature. The glycogen assay used in the original study was shown to give a false positive result with 
α-maltose-1-phosphate. The accumulation of α-maltose-1-phosphate was due to the lowering of the kcat of GlgE as 
well as a loss of stability 42 ◦C. The reported rescue of the phenotype by GarA could potentially involve an 
interaction with GlgE, but none was detected. 
Conclusions: We have been able to reconcile apparently contradictory observations and shed light on the basis for 
the phenotype of the temperature-sensitive mutation. 
General signiicance: This study highlights how the lowering of lux through the GlgE pathway can slow the 
growth mycobacteria.   

1. Introduction 

A third biosynthetic pathway to produce glycogen has been eluci-
dated relatively recently [1,2]. This involves the enzyme GlgE (Fig. 1) 
acting as the polymerase [1,3]. GlgE was irst identiied as an enzyme 
involved in glycogen metabolism in 1999 [4]. Intriguingly, it was then 
reported that a temperature-sensitive mutant appeared to accumulate 
glycogen, which is the opposite of what would be expected given our 
current understanding of the GlgE pathway. This study addresses this 
apparent discrepancy. 

Glycogen is well known as a carbon and energy storage molecule [6]. 
When a temperature-sensitive Mycobacterium smegmatis mutant that 
slowed growth and appeared to accumulate glycogen was isolated 

(SMEG53), the phenotype was complemented by the glgE gene [4]. The 
sequence of the genomic copy of the glgE gene revealed a His349Tyr 
amino acid substitution was present in the GlgE protein of the 
temperature-sensitive mutant. There appeared to be a correlation be-
tween the accumulation of glycogen with the cessation of exponential 
growth at the non-permissive temperature of 42 ◦C. Furthermore, there 
also appeared to be a correlation between the accumulation of glycogen 
and growth rate. Suppression of the temperature-sensitive phenotype 
was observed in certain growth conditions and by the over-expression of 
garA, which codes for a forkhead-associated domain protein conse-
quently referred to as a glycogen accumulation regulator [7]. 

GlgE is a GH13_3 CAZy family member [8]. The GH13 family com-
prises proteins with several enzyme activities, most notably α-amylases 
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[9]. On this basis, GlgE was initially predicted to be a hydrolase capable 
of degrading the α-1,4 linkages of glycogen (glucanase) [4]. Given the 
interpretation of the results of the above study and the bioinformatic 
prediction, it was concluded that GlgE is a glucanase and that it is 
involved in glycogen recycling that is essential for exponential growth. 

However, it has subsequently and unequivocally been shown that 
GlgE possesses α-maltose-1-phosphate:(1 → 4)-α-D-glucan 4-α-D-mal-
tosyltransferase polymerase-type activity (EC 2.4.99.16) and some 
disproportionation activity, but no detectable hydrolase activity [1,10]. 
The polymerases for each of the known glycogen biosynthetic pathways 
extend existing oligomers and polymers to generate linear α-1,4-linked 
chains [3,11]. In all three pathways, a branching enzyme GlgB then 
introduces α-1,6 branchpoints. The GlgE pathway uses α-maltose-1- 
phosphate as the building block for the biosynthesis of an α-glucan that 
is similar to classical glycogen except for its ine structure [3]. There are 
two routes to the formation of α-maltose-1-phosphate in mycobacteria 
(Fig. 1). One is via trehalose and maltose plus ATP, involving trehalose 
synthase and maltose kinase [1,2], while the other is via glucose-1- 
phosphate plus ADP-glucose involving α-maltose-1-phosphate synthase 
[5,12]. Importantly, the loss of the glgE gene in M. smegmatis is known to 
lead to the accumulation of α-maltose-1-phosphate and the slowing of 
bacterial growth [1,5]. The GlgE-derived glycogen is partially exported 
by Mycobacterium tuberculosis to form a loosely attached capsule that is 
associated with increased virulence [5,13]. Notably, the two classical 
glycogen biosynthetic pathways that use ADP-glucose or UDP-glucose 
[6] are now known to be absent in mycobacteria [5]. 

To address an apparent inconsistency between the initial study 
suggesting GlgE is a hydrolase and subsequent work showing that it is a 
polymerase, several hypotheses were tested. Since GlgE is a polymerase 
that uses α-maltose-1-phosphate, a variant of GlgE that is somehow 

compromised would be expected to accumulate this building block 
leading to a lower bacterial rate of growth, as has been observed in other 
studies [1]. It is therefore possible that the glycogen assay used in the 
1999 study, based on an amyloglucosidase and the quantiication of 
released glucose [4], was also capable of detecting α-maltose-1-phos-
phate. Interestingly, the GarA protein is known to regulate carbon and 
nitrogen metabolism through binding to other proteins [7]. Perhaps 
GarA binds to GlgE and rescues the temperature-sensitive version. 
However, it is also a substrate of the regulatory Ser/Thr protein kinase 
PknB, which in turn has also been shown to negatively regulate GlgE 
[14]. Perhaps GarA therefore rescues the GlgE mutation through inter-
fering with the regulatory function of PknB. The present study aims to 
test these hypotheses and resolve the apparent inconsistencies. This was 
done by reconstructing and phenotyping the mutant strain together with 
testing the hydrolysis of α-maltose-1-phosphate by amyloglucosidase 
and characterising the H349Y variant of the GlgE enzyme. 

2. Materials and methods 

2.1. Recombinant M. smegmatis GlgE and GarA 

The M. smegmatis glgE gene was synthesized with optimized codon 
usage for expression in Escherichia coli (Genscript Corporation, Piscat-
away, NJ), allowing the production of GlgE with a 6 × His tag and a TEV 
cleavage site at its N-terminus. The gene coding for the H349Y GlgE 
variant was generated from the synthesized wild-type glgE gene using a 
QuikChange Lightening kit (Agilent). The constructs were ligated into 
pET21a expression vectors (Novagen, Darmstadt, Germany) using NdeI 
and BamHI restriction sites. E. coli BL21 (DE3) Star (Novagen) bearing 
each plasmid were grown at 25 ◦C to an optical density of 0.6 at 600 nm 
in Lysogeny Broth (LB) and expression was induced with 0.5 mM iso-
propyl β-D-thiogalactopyranoside (IPTG). Bacteria were harvested and 
lyzed after a further 16 h incubation. The enzyme was puriied using a 1 
ml HisTrap FF column (GE Healthcare, Amersham, United Kingdom) 
with imidazole gradient elution and an S200 16/60 gel iltration column 
(Pharmacia Biotech, Amersham, United Kingdom) eluted with 20 mM 
Tris buffer, pH 8.5, containing 100 mM NaCl. GlgE-containing fractions 
were pooled and concentrated to ~1.5 mg/ml and aliquots were stored 
at −80 ◦C. An M. smegmatis garA construct was ligated into a pETPhos 
expression vector using NdeI and BamHI restriction sites [14]. E. coli 
BL21 (DE3) Star (Novagen) bearing this plasmid was grown at 30 ◦C to 
an optical density of 0.6 at 600 nm in LB and expression was induced 
with 0.2 mM IPTG. Bacteria were harvested and lyzed after a further 3 h 
incubation. The enzyme was puriied using a 1 ml HisTrap FF column 
(GE Healthcare, Amersham, United Kingdom). The enzyme was dialysed 
into 20 mM Bis-Tris propane, pH 7.0, containing 150 mM NaCl and 
concentrated to 9 mg/ml and aliquots were stored at −80 ◦C. 

2.2. Enzyme assays 

Unless otherwise stated, all enzyme assays were carried out in 100 
mM Bis-Tris propane, pH 7.0, containing 50 mM NaCl. GlgE activity was 
monitored at 21 ◦C using an end-point assay monitoring the quantitative 
release of inorganic phosphate with malachite green [15]. The concen-
tration of free inorganic phosphate was estimated from a standard curve. 
α-Maltose-1-phosphate was synthesized as described earlier [10]. Re-
action mixtures of 25 μl comprised 1 mM maltohexaose and 0.25 mM 
α-maltose-1-phosphate. Enzyme concentrations were such to allow re-
actions to progress linearly for 10 min with total donor consumption 
being <40%. Reactions were quenched with 175 μl of malachite green 
and incubated for 20 min at 21 ◦C before the absorbance at 630 nm was 
measured on a SpectraMAX Plus microplate spectrophotometer using 
SOFTmax PRO 3.1.1 software. The effect of pH was determined using 
100 mM MES (pH 6.0), Bis-Tris (pH 6.5), Bis-Tris propane (pH 7.0), 
HEPES (pH 7.5) and Tris (pH 8.0) buffers. Acceptor preference used 
maltose, maltotriose, maltotetroase, maltopentaose, maltohexaose and 

Fig. 1. Glycogen (α-glucan) pathways in mycobacteria. The scheme shows how 
glucose-6-phosphate (G6P) can be converted to α-glucan via the following in-
termediates; glucose-1-phosphate (G1P), ADP-glucose (ADPG) or UDP-glucose 
(UDPG), trehalose-6-phosphate (T6P), and α-maltose-1-phosphate (M1P). The 
regulation of GlgE and GarA by PknB is indicated. The igure is adapted 
from [5]. 
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maltoheptaose at 1 mM each. The effect of salt was determined from 0 to 
350 mM NaCl. Temperature de-activation of GlgE and GlgE H349Y was 
performed by pre-incubating protein at 21, 35, 40, 45 and 50 ◦C for 20 
min and assaying at 21 ◦C. Temperature de-activation rescue experi-
ments were performed as above, but in the presence of 50 μM 
M. smegmatis GarA. The effect of temperature on enzyme activity was 
determined by measuring initial rates (v0/[E]) over a temperature range 
of 25 to 55 ◦C in 5 ◦C increments, with reaction mixtures of 40 μl 
comprising 1 mM maltohexaose and 1 mM α-maltose-1-phosphate. 
Enzyme kinetics at permissive (30 ◦C) and non-permissive (42 ◦C) 
temperatures were performed with maltohexoase concentrations be-
tween 1 and 150 mM and 1 mM α-maltose-1-phosphate. Initial rates 
were measured by quenching 6 μl reaction aliquots in 94 μl of 1 M HCl at 
time points from 1 to 8 min. The quenched reactions were incubated 
with 700 μl of malachite green assay solution for 20 min at 21 ◦C, and 
the absorbance at 630 nm was measured on a Perkin Elmer Lambda 18 
or 25 spectrophotometer. Reaction rates were linear over at least the 
irst 4 min. Enzyme kinetics for maltohexaose were itted to a substrate 
inhibition model, as deined by equation, 1 using GraphPad Prism v8. 

v0

/

[E] =
k

app
cat [S]

K
app
m + [S]

(

1 + [S]
Ki

) (1) 

Eq. 1 is a simpliied form derived of Eq. 2 [16], where A would be 
α-maltose-1-phosphate and B the acceptor substrate in the case of GlgE 
[17]. 

v0

/

[E] =
kcat[A][B]

KmB [A] + KmA [B]

(

1 + [B]
K

iB

)

+ [A][B]

(2) 

Eq. 2 can rearranged to give Eq. 3. 

v0

/
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kcat [A][B]
K

mA

K
mB [A]

K
mA

+ [B]

(

1 + [B]
K

iB
+ [A]

K
mA

) (3) 

When the initial concentration of A (α-maltose-1-phosphate) is ixed 
and the initial concentration of B (acceptor) is varied, Eq. 3 appears in 
the form of Eq. 1 such that kcatapp and Kmapp are deined by Eqs. 4 and 5, 
respectively. 

kapp
cat =

kcat[A]

KmA

(4)  

Kapp
m =

KmB [A]

KmA

(5) 

The hydrolysis of α-maltose-1-phosphate was tested using Aspergillus 
niger amyloglucosidase from Megazyme (high purity for use in Mega-
zyme Total Starch method) in 100 mM sodium acetate buffer, pH 4.0, at 
25 ◦C. 

2.3. Thermoluor assay 

Assay mixtures of 50 μl containing 0.6 mg/ml protein, 20 mM Bis- 
Tris propane, pH 7.0 and SYPRO Orange protein stain dye (Sigma). 
Melting curves were recorded with a temperature range of 20 to 95 ◦C, 
using a DNA Engine Opticon 3 real time PCR system (MJ Research) with 
Opticon Monitor 3.1 analysis software (BioRad). 

2.4. Circular dichroism 

Experiments were performed using a Chirascan-Plus CD spectro-
photometer (Applied Photo-physics). Puriied proteins were dialysed 
into 10 mM sodium phosphate, pH 7.0. CD measurements were carried 
out in a quartz glass cell with a 0.5 mm path length at a ~ 0.3 mg/ml 

protein concentration. To obtain overall CD spectra, wavelength scans 
between 180 and 260 nm were collected at 20, 30 and 42 ◦C using a 1.0 
nm bandwidth, a 0.5 nm step size, and a time per point of 1 s. Triplicate 
spectra were averaged, followed by the subtraction of buffer only con-
trol spectra. Time course spectra were recorded when the sample 
reached 42 ◦C and again two hours later. The raw data in millidegree 
units were corrected for background and converted to mean residue 
molar ellipticity. Secondary structure assignments were made using the 
DichroWeb server [18], using the CDSSTR algorithm and reference set 7 
[19]. Thermal melt curves were determined with wavelength scans be-
tween 195 and 260 nm using 1 nm bandwidth, 1.0 nm step size and time 
per point of 0.7 s. The temperature was increased from 20 to 90 ◦C at a 
rate of 1 ◦C per min and a complete scan was collected at 1 ◦C intervals. 
The raw data in millidegree units, from 201 to 260 nm at each tem-
perature measured, were analysed using the Global 3 software package 
(Applied Photophysics). The Global 3 package itted the full-spectrum 
data using the nonlinear regression method of Marquardt and Leven-
berg [20] to generate a global analysis of unfolding. This procedure 
determines itted and optimized temperatures of transition (melting 
points: Tm) and their associated Van’t Hoff enthalpies (ΔH). 

2.5. Protein-protein interaction studies 

Surface plasmon resonance experiments were carried out on a Bia-
core T200 system (GE Healthcare). Immobilisation of either GarA or 
GlgE was attempted using both amine coupling (CM5 chip) and nickel 
afinity (NTA chip) approaches as per the manufacturer’s instructions. 

Fluorescence was recorded on a Perkin-Elmer LS55 luorescence 
spectrometer connected to a PTP1 Peltier system. All assays were 
recorded using 100 mM Bis-Tris propane, pH 7.0, containing 50 mM 
NaCl. Anisotropy experiments used GlgE and its variants labelled with 
dansyl chloride in 50 mM HEPES, pH 9.0, containing 50 mM NaCl over 
45 mins at 21 ◦C [21], in a manner used by us in other systems [22]. 
Labelled protein was then dialysed into 20 mM Tris, pH 8.5. Excitation 
and emission wavelengths were 335 and 515 nm, respectively. Experi-
ments were carried out by titrating GarA into 1 μM labelled protein, up 
to a concentration of 630 μM at 25 and 42 ◦C. Separately, tryptophan 
luorescence was measured with 1 μM H349Y and a GarA concentration 
up to 100 μM. 

2.6. Bacterial strains, growth curves and metabolite analyses 

Two strains of M. smegmatis mc2155 were used. The parent strain was 
c-glgE-tet-off [5], which allowed the glgE gene to be silenced in the 
presence of anhydrotetracycline (ATc). A plasmid bearing the H349Y 
variant of the glgE gene, pMV361(Apra)::glgE-Ts, was introduced into 
this strain. Cells were grown aerobically at 30 or 42 ◦C in Middlebrook 
7H9 medium supplemented with 0.5% v/v glycerol and 0.05% v/v 
tyloxapol and containing 10% v/v ADS enrichment (5% w/v bovine 
serum albumin fraction V (BSA), 2% w/v glucose, 0.85% w/v sodium 
chloride). Hygromycin (50 mg/l), kanamycin (20 mg/l) and apramycin 
(10 mg/l) were added for the selection of appropriate strains. Starter 
cultures of M. smegmatis strains with the appropriate antibiotic selection 
were grown at 30 ◦C in the presence or absence of ATc until they reached 
logarithmic phase. They were then diluted to an optical density of 0.3 at 
600 nm and divided into two equal aliquots, one of which was grown at 
30 ◦C and the other at 42 ◦C. When one of the cultures reached an optical 
density of ≥1.5 at 600 nm, they were each diluted to an OD of 1.5 
(equating to 4.5 108 colony forming units per ml) and harvested by 
centrifugation, washed twice with phosphate buffered saline and 
resuspended in 2 ml of water. Soluble metabolites were released from 
cells by heating at 95 ◦C for 4 h, and cell debris was removed by 
centrifugation. The resulting supernatant was iltered, freeze-dried and 
re-suspended in 500 μl of D2O. 1H nuclear magnetic resonance spectra 
were recorded on a Bruker Avance III 400 MHz spectrometer at 22 ◦C 
and data were analysed using Topspin 3.5 software (Bruker Biospin Ltd). 
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NMR signals were quantiied by comparing integrals with sodium 3- 
(trimethylsilyl)propionate-2,2,3,3-d4 as an internal standard, which was 
also consistent with a standard curve generated with authentic 
trehalose. 

3. Results 

3.1. The temperature sensitive mutant accumulates α-maltose-1- 
phosphate at the non-permissive temperature 

If the H349Y mutation in GlgE compromises enzyme activity, it 
would be expected that this would lead to the accumulation of 

α-maltose-1-phosphate [1]. To determine which small water-soluble 
metabolites accumulate in M. smegmatis as a result of the presence of 
the H349Y variant of GlgE at permissive and non-permissive tempera-
tures, a gene silencing approach was used. The glgE gene has previously 
been brought under the control of a repressible promotor [5], allowing it 
to be robustly silenced in the presence of ATc. This was important 
because mutations in glgE are known to cause genetic instability over 
time because of toxicity associated with the accumulation of α-maltose- 
1-phosphate, particularly during growth in the presence of this metab-
olite’s precursor trehalose. To generate the temperature-sensitive 
mutant, the H349Y variant of the glgE was introduced on a plasmid 
into the conditionally silenced strain. The addition of ATc to the growth 
medium would silence the wild-type copy making the H349Y variant the 
only GlgE present. Thus, it was possible to generate the temperature 
sensitive mutant synthetically, avoiding the possibility of additional 
mutations being introduced elsewhere in the genome during storage or 
manipulation. This would allow any phenotypes to be attributable to the 
single amino acid substitution in GlgE with conidence. 

The two bacterial strains were then grown in the presence or absence 
of ATc at either the permissive or non-permissive temperatures of 30 and 
42 ◦C, respectively. Growth kinetics conirmed that the c-glgE-tet-off 
strain expressing the H349Y variant of the glgE gene in the presence of 
ATc (Fig. 2) faithfully reproduced the temperature-sensitive growth 
phenotype reported for the SMEG53 strain [4]. This shows that the 
H349Y mutation of the glgE gene is suficient to result in temperature- 
sensitivity at the cellular level. 

Other phenotypes associated with SMEG53, such as altered colony 
morphology and partial rescue by osmolytes [4], were not observed in 
the reconstructed mutant strain in the presence of ATc. Since SMEG53 
was isolated after treatment with the mutagen nitrosoguanidine and 
mutations in glgE are known to lead to genetic instability, it is likely that 
mutations in genes other than glgE might have contributed to the other 
phenotypes. 

The soluble metabolites were then extracted from the strains grown 
under the different conditions and analysed using 1H NMR spectroscopy. 
Whenever ATc was absent, the wild-type GlgE would be expected to be 
present. It would therefore be expected that no α-maltose-1-phosphate 
would accumulate [1] at any temperature, whether or not the H349Y 

Fig. 2. The growth of M. smegmatis is compromised by the H349Y mutation of 
GlgE, particularly at 42 ◦C. The optical density of cultures was monitored at 
600 nm in two independent experiments and the mean values were plotted on a 
log scale. The c-glgE-tet-off pMV361(Apra)::glgE-Ts strain grew more rapidly at 
42 than 30 ◦C in the absence of ATc (annotated as H349Y –ATC), as expected 
for a wild-type-like strain with a functional GlgE. This strain in the presence of 
ATc (annotated as H349Y + ATC) grew more slowly than the wild-type strain at 
each respective temperature. The temperature-sensitive strain initially grew 
more rapidly at 42 ◦C than at 30 ◦C, but growth was arrested after 2 h of 
growth. These data with the reconstructed mutant faithfully recapitulate those 
reported for the isolated MSEG53 mutant [4]. 

Table 1 
The temperature sensitive strain accumulates α-maltose-1-phosphate at the non- 
permissive temperature. The glgE gene in M. smegmatis was silenced with ATc 
using a tet-off system. The temperature sensitive H349Y variant of glgE was 
introduced into the parent strain on a plasmid. Each of the two strains were 
grown at either 30 or 42 ◦C in either the absence or presence of ATc. The ex-
pected presence of each variant of the GlgE enzyme is indicated in each case. The 
level of α-maltose-1-phosphate (M1P) was determined using 1H NMR spectros-
copy. The values represent means of two independent experiments (with a limit 
of detection of 2.5 μg/109 colony forming units (CFU)). See also Fig. 3.  

Strain T ATc GlgE present M1P μg/109 

CFU 
◦C    

c-glgE-tet-off 30 − wild-type < 2.5 
c-glgE-tet-off 30 + none 20.2 
c-glgE-tet-off 42 − wild-type < 2.5 
c-glgE-tet-off 42 + none 25.5 
c-glgE-tet-off pMV361(Apra):: 

glgE-Ts 
30 − wild-type +

H349Y 
< 2.5 

c-glgE-tet-off pMV361(Apra):: 
glgE-Ts 

30 + H349Y < 2.5 

c-glgE-tet-off pMV361(Apra):: 
glgE-Ts 

42 − wild-type +
H349Y 

< 2.5 

c-glgE-tet-off pMV361(Apra):: 
glgE-Ts 

42 + H349Y 8.2  

Table 2 
Kinetics of wild-type and H349Y GlgE. Enzyme activity was monitored by 
detecting phosphate release. Assays were performed in duplicate and itted 
values are expressed with standard errors. Quoted constants are apparent 
because the enzyme obeys ping-pong (substituted enzyme) kinetics [1]. See also 
Fig. 8.  

GlgE T kcatapp Kmapp Ki kcatapp/Kmapp  

◦C s−1 mM mM M−1 s−1 

wild-type 30 78.9 ± 6.0 9.7 ± 1.5 126 ± 24 8100 ± 1400 
wild-type 42 112 ± 14 14.4 ± 3.5 187 ± 67 7800 ± 2100 
H349Y 30 15.0 ± 3.0 10.0 ± 3.8 95 ± 43 1500 ± 640 
H349Y 42 14.5 ± 1.3 12.5 ± 2.3 366 ± 140 1160 ± 240  

Table 3 
Net secondary structures of wild-type and H349Y M. smegmatis GlgE. The values 
were determined using circular dichroism spectroscopy (see Fig. 9). Values are 
means of triplicate measurements. Note, the elements add up to either 99, 100 or 
101 depending on rounding introduced by the software.  

GlgE T t % helix % sheet % turns % unstructured  
◦C h     

wild-type 25 0 22 30 21 28 
wild-type 42 0 21 28 20 30 
wild-type 42 2 20 32 20 29 
H349Y 25 0 23 26 20 31 
H349Y 42 0 20 31 20 29 
H349Y 42 2 18 30 21 30  
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variant of GlgE was present. This was indeed the case (Table 1). The only 
other small soluble carbohydrate metabolite that accumulated was 
trehalose, which was present in all strains including the wild-type, as 
reported previously. Interestingly, the level of trehalose increased at the 
higher temperature (e.g. from typically 29 to 46 μg/109 colony forming 
units). When ATc was added in the absence of the H349Y variant, no 
GlgE would be expected to be present. This would lead to the accumu-
lation of α-maltose-1-phosphate (to non-lethal levels because no treha-
lose was added to the grown medium [1]). Accumulation indeed 
occurred, particularly at the higher temperature when more of the 
precursor, trehalose, was available. Finally, when ATc was added in the 
presence of the H349 variant, the mutated H349Y version of GlgE would 
be expected to be the only form present. When this strain was grown at 
30 ◦C, no signiicant amount of α-maltose-1-phosphate was detected. 
However, a moderate amount of α-maltose-1-phosphate had clearly 
accumulated at 42 ◦C. One can therefore conclude that the temperature 
sensitivity of the H349Y GlgE strain led to the accumulation of 
α-maltose-1-phosphate implying GlgE was compromised by the muta-
tion at the higher temperature, but not completely absent. 

3.2. α-Maltose-1-phosphate is hydrolysed by amyloglucosidase 

An anomeric mixture of α/β-maltose-1-phosphate was incubated 
with A. niger amyloglucosidase. Both anomers were eficiently degraded 
by the enzyme to yield glucose-1-phosphate and glucose (Fig. 4). As 

expected for this type of enzyme (EC 3.2.1.3), the β anomer of glucose 
was liberated initially, which subsequently reaches an equilibrium with 
the α anomer within an hour or so. It is therefore clear that any 
α-maltose-1-phosphate that accumulates in M. smegmatis would be 
degraded by this enzyme to yield glucose. 

3.3. The H349Y GlgE mutation leads to a loss of enzyme activity and an 
increased temperature sensitivity 

If the activity of GlgE is compromised by the H349Y mutation, it 
could manifest itself through a loss of either activity or stability. First, 
the kinetics of the extension of maltohexaose with α-maltose-1-phos-
phate by wild-type and H349Y GlgE were each monitored by the release 
of inorganic phosphate. It was immediately apparent that the activity of 
H349Y GlgE was lower than that of the wild-type enzyme. Nevertheless, 
the activity proiles of the two enzymes as a function of either pH or 
NaCl concentration were similar (Fig. 5A and B). Speciically, both en-
zymes showed optimal activity at pH 7.0, and NaCl up to 350 mM had 
little effect on either enzyme. Each enzyme had an acceptor preference 
for maltohexaose or maltoheptaose (Fig. 5C) with little or no difference 
between their acceptor proiles. The mutation therefore had little or no 
effect on these properties of GlgE despite a reduction in overall activity. 

To ascertain what effect temperature had on the wild-type and 
H349Y GlgE, their temperature stabilities were determined by pre- 
incubating each at a range of temperatures before assaying them at 
21 ◦C. The wild-type GlgE enzyme showed a 24 to 23% drop in activity 
after exposure to temperatures of 40 and 45 ◦C, respectively (Fig. 6). By 
contrast, the activity of H349Y GlgE was more severely affected with 
drops in activity of 34 and 71% at 40 and 45 ◦C, respectively. From this 
trend, it is possible to estimate a 50% drop would have occurred at 
42 ◦C. One can conclude that the H349Y mutation roughly doubled the 
rate of deactivation at 42 ◦C from ~24% to ~50% over a period of 20 
min. 

Over-expression of GarA in vivo resulted in a partial rescue of the 
temperature sensitive phenotype of SMEG53 cells [4] and GarA has been 
demonstrated to bind to and regulate not only phosphorylated but also 
non-phosphorylated targets [24]. To test whether GarA can directly 
protect H349Y GlgE from temperature de-activation, H349Y was pre- 
incubated with GarA. However, GarA showed no signiicant protective 
effect (Fig. 6). Indeed, it seemed to somewhat further destabilise H349Y 
GlgE. 

The effect of temperature on GlgE activity was also determined. 
Enzyme activity was linearly dependent upon time over the 10 min 
period of the assay in all cases except for assays with the H349Y variant 
at 45 ◦C and above when initial rates had to be estimated. The wild-type 
enzyme showed an increase in activity between 25 and 45 ◦C, followed 
by a modest decrease at 50 and 55 ◦C (Fig. 7). By contrast, H349Y GlgE 
was considerably less active, and showed only a modest increase in 
activity between 25 and 40 ◦C, followed by a complete loss of activity at 
50 ◦C and above, consistent with the temperature stability experiments. 
In contrast to the wild-type enzyme, there was no signiicant difference 

Fig. 3. The H349Y mutation of GlgE leads to the accumulation of α-maltose-1-phosphate when M. smegmatis is grown at 42 ◦C. Representative 1H NMR spectra out of 
two biological replicates are shown of extracts of the c-glgE-tet-off pMV361(Apra)::glgE-Ts strain grown in the presence of ATc at either 30 or 42 ◦C. See also Table 1. 

Fig. 4. A. niger amyloglucosidase cleaves the α-1,4-linked non-reducing end 
glucose from both α and β-maltose-1-phosphate. An anomeric mixture of 
α/β-maltose-1-phosphate was incubated with amyloglucosidase. The reaction 
was monitored using 1H nuclear magnetic resonance spectroscopy and repre-
sentative spectra are shown. The peaks for maltose-1-phosphate (M1P), 
glucose-1-phosphate (G1P) and glucose (Glc) were assigned as previously re-
ported [10,23]. The 1′-H resonances of α/β-maltose-1-phosphate associated 
with the α-glucosyl-(1 → 4)-glucose linkage are lost at the same time as those of 
the 1-H reducing end of glucose appear. The 1-H resonances of α-maltose-1- 
phosphate and α-glucose-1-phosphate are essentially coincident. They are also 
slightly down-ield compared with Fig. 3 because the solution was buffered at 
pH 4.0. Note that the 1-H resonances from β-maltose-1-phosphate and 
β-glucose-1-phosphate are not shown for clarity. 
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in the activity of the H349Y GlgE at 30 and 40 ◦C. Under these condi-
tions, there were therefore ~3.5-fold and ~ 4-fold differences in turn-
over rates between the two enzymes at 30 and 40 ◦C, respectively. 

To address whether the impaired activity of H349Y GlgE was due to a 
kcat or Km effect, the kinetic parameters with maltohexaose were 
measured for each enzyme at permissive and non-permissive tempera-
tures for bacterial growth. Assays were conducted over a maximum of 
10 min, minimising any impact of thermoinstability. The data exhibited 
substrate inhibition, so were itted to a substrate inhibition model (Fig. 8 
and Table 2). Substrate inhibition can be rationalised by high concen-
trations of maltohexaose promoting a competing disproportion reaction 
[1,10]. With the wild-type enzyme, both the kcatapp and Kmapp for malto-
hexaose increased slightly at the higher temperature, resulting in a 
similar kcatapp/Kmapp value (Table 2). The values of Kmapp of H349Y GlgE for 
maltohexaose at each temperature were very similar to those of the wild- 
type enzyme. Given that Kmapp is a function of the true Km values for both 
substrates (Eq. 5), the afinity of neither substrate appears to have 
changed. By contrast, the values of kcatapp, and therefore kcatapp/Kmapp, were at 

Fig. 5. The H349Y mutation changes neither the pH optimum, salt-sensitivity 
nor acceptor speciicity of M. smegmatis GlgE at 21 ◦C. Experiments were car-
ried out using 0.25 mM α-maltose-1-phosphate and 1 mM acceptor. (A) shows 
the pH optima of wild-type (solid line) and H349Y (broken line) GlgE to be 7. 
Error bars represent standard errors (which are very small) from triplicate ex-
periments. (B) shows the tolerance of wild-type (solid line) and H349Y (broken 
line) GlgE to NaCl up to 350 mM. (C) shows the acceptor preferences of wild- 
type (plain bars) and H349Y (shaded bars) GlgE are very similar. The accep-
tors tested ranged from maltose (degree of polymerisation (DP) of 2) up to 
maltoheptaose (DP of 7). Means are normalised to the highest value for each 
enzyme to aid comparison. The error bars represent standard errors from 
triplicate experiments. 

Fig. 6. Temperature deactivation of wild-type and H349Y GlgE enzyme ac-
tivity. Residual activity of wild-type (solid line) and H349Y GlgE in the absence 
(broken) or presence of GarA (dotted line) after pre-incubation at an elevated 
temperature for 20 min before assaying at 21 ◦C. Error bars represent standard 
errors of triplicate experiments. Percentage deactivation at 40 and 45 ◦C are 
indicated for wild-type and H349Y enzymes compared with their respective 
activities at 22 ◦C. 

Fig. 7. The effect of temperature on the enzyme activities of wild-type and 
H349Y GlgE. The activity of wild-type (solid line) and H349Y (broken) GlgE as 
a function of temperature was determined by monitoring phosphate release. 
Error bars represent standard errors of triplicate experiments. 
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ive to seven-fold lower, consistent with the above experiments. Since 
kcatapp is a function of the true value of kcat (Eq 4), the H349Y mutation 
affects kcat rather than the afinities of either substrate. Importantly, the 
kcatapp/Kmapp value for H349Y GlgE was about a third lower at the non- 
permissive vs the permissive temperature. 

3.4. The H349Y mutation reduces thermal stability but has limited impact 
at the non-permissive temperature 

Circular dichroism spectroscopy was used to probe the secondary 
structure and temperature stability of wild-type and H349Y GlgE. The 
two forms of GlgE had very similar net secondary structure at 25 and 
42 ◦C (Fig. 9 and Table 3). After 2 h of incubation at 42 ◦C, the H349Y 
enzyme showed a shift in the spectrum compared with the wild-type 
enzyme (Fig. 9). However, this shift was very small, equating to 
changes in secondary structural elements of ≤2% each (Table 3). 
Melting temperatures were determined by monitoring the loss of sec-
ondary structure as a function of temperature. The H349Y mutation led 
to a 7.6 ◦C destabilisation of the GlgE protein from 55.7 ± 0.2 to 48.1 ±
0.3 ◦C. Consistent with this observation, a Thermoluor assay that fol-
lows the thermal denaturation of proteins via binding of a luorescent 
dye was in close agreement, showing a 9 ◦C destabilisation from 56 to 
47 ◦C (Fig. 10). At 42 ◦C, the amount of melting of the wild-type and 
H349Y enzymes was 1 and 16%, respectively. Therefore, no gross 
denaturation of the protein occurred at the non-permissive temperature 
for bacterial growth, consistent with only partial loss of activity for the 
H349Y enzyme at 42 ◦C (Fig. 6). 

3.5. Neither GlgE nor phospho-GlgE bind to GarA 

Although GarA was shown above not to rescue the temperature 
sensitivity of the H349Y mutation, it was not possible to rule out a 
protein-protein interaction between the two. We therefore employed 
several methods to explore whether any interaction could occur. A 
surface plasmon resonance approach was not possible because neither 
protein bound successfully to a CM5 sensor chip at all values of pH tested 
(4.0 and 4.5). Similarly, only non-speciic binding was observed when 
attempting to use an NTA sensor chip to immobilise each His-tagged 
protein. We therefore took another approach. GarA has no tryptophan 
residues. By contrast, GlgE has intrinsic luorescence with its 17 tryp-
tophan residues, which could change when another protein binds to 

Fig. 8. Kinetics of maltohexaose extension with α-maltose-1-phosphate by 
wild-type and H349Y GlgE. The kinetics were determined with enzyme con-
centrations between 12.5 and 100 nM and 1 mM α-maltose-1-phosphate at 
either 42 (squares) or 30 ◦C (circles) with wild-type (solid line) or H349Y 
(broken line). Experiments were carried out in duplicate. The lines of best it 
adhere to a substrate inhibition model. See Table 2 for the derived ki-
netic constants. 

Fig. 9. Circular dichroism spectra of wild-type (panel A) and H349Y (panel B) 
GlgE. Spectra were recorded at either 20 or 42 ◦C, as indicated. An additional 
spectrum was recorded for each enzyme after 2 h of incubation at 42 ◦C. See 
Table 3 for the corresponding analysis of net secondary structures. 

Fig. 10. Thermoluor analysis of wild-type and H349Y GlgE. The proteins were 
each heated in the presence of CYPRO Orange. Fluorescence (arbitrary units) is 
shown normalised to the maximum signal of each sample. The melting tem-
peratures for wild-type (solid line) and H349Y (broken line) GlgE were 56 and 
47 ◦C, respectively, as highlighted by the horizontal guideline at 0.5. The 
normalised luorescence values at 42 ◦C for wild-type and H349Y GlgE were 
0.01 and 0.16, respectively. 

K. Syson et al.                                                                                                                                                                                                                                   

Page | 110



BBA - General Subjects 1865 (2021) 129783

8

GlgE. However, the intrinsic luorescence of GlgE (at 1 μM) did not 
change in the presence of GarA (up to 100 μM). In separate experiments, 
the labelling of GlgE with dansyl groups allowed the measurement of 
luorescence anisotropy. This signal would change when the tumbling 
rate of GlgE slows on binding another protein. However, no such change 
was detected in the presence of GarA. It was not possible to repeat the 
experiment with unlabelled GlgE and labelled GarA due to protein sol-
ubility limitations. Nevertheless, given the sensitivity of luorescence 

anisotropy, one can conclude that GlgE and GarA do not interact in the 
conditions tested. 

4. Discussion 

We have shown that the temperature-sensitive mutation in the glgE 
gene leads to the accumulation of α-maltose-1-phosphate at the non- 
permissive temperature (Table 1 and Fig. 3). This is entirely consistent 
with the phenotype of other mutations in mycobacterial glgE reported 
recently [1,5], where a loss of GlgE activity leads to the accumulation of 
α-maltose-1-phosphate and the slowing of bacterial growth. However, 
this contrasts with the 1999 study [4], where it was concluded that the 
accumulation of glycogen led to the cessation of bacterial growth. It is 
easy to reinterpret the 1999 study with hindsight, but the conclusions 
drawn at the time were entirely reasonable. First, GlgE was predicted to 
be a glucanase and second, the only known potential precursors of 
glycogen at that time were UDP-glucose or ADP-glucose, which would 
not have been susceptible to hydrolysis by amyloglucosidase. By 
contrast, the recently discovered α-maltose-1-phosphate precursor pos-
sesses a glucosyl-(1 → 4)-glucose linkage that is susceptible to hydro-
lysis, leading to the liberation of glucose. Since the standard glycogen 
assay involves the detection of glucose liberated by amyloglucosidase, 
α-maltose-1-phosphate would have given a false positive result. It 
therefore follows that the interpretation of the observations in 1999 that 
led to the conclusion that glycogen recycling was essential for growth 
were based on an assumption that we now know to be incorrect. It 
therefore remains to be seen whether glycogen recycling is indeed 
essential for growth. 

The basis for the temperature-sensitivity of the H349Y mutation 
appears not to be a simple case of protein instability at the non- 
permissive temperature. Relative to the wild-type enzyme, the H349Y 
enzyme lost only ~half of its activity after 20 min of incubation at 42 ◦C 
(Fig. 6) with only minimal changes in net secondary structure after 2 h 
(Fig. 9 and Table 3) and only 15% more melting (Fig. 10). Rather, it 
appears to be also down to the loss of activity of the enzyme at the non- 
permissive temperature caused by a ~ 7-fold reduction in the kcatapp 

relative to the wild-type enzyme (Fig. 8 and Table 2). This was due to a 
much smaller intrinsic value of kcatapp (Fig. 8 and Table 2) coupled with a 
much smaller apparent temperature coeficient than the wild-type 
enzyme (Fig. 7) leading to a smaller kcatapp for the H349Y variant at the 
higher vs lower temperature. Since there was a ~ 5-fold reduction in 
activity caused by the mutation at the permissive temperature (Fig. 8), 
this implies that adequate lux through the GlgE pathway is on a knife- 
edge somewhere between the permissive and non-permissive tempera-
tures. At the higher temperature, the accumulation of α-maltose-1- 
phosphate is evidently correlated with reduced bacterial growth-rate, 
consistent with all previous studies [1,5]. 

The H349Y mutation of GlgE maps onto the surface of the protein 
(Fig. 11) that is on the opposite side of the molecule to the substrate 
binding sites [10,25]. The closest residue that forms part of the substrate 
binding sites is within ive amino acids within the sequence. Note that 
this His residue is highly conserved in GlgE enzyme across mycobac-
teria, including M. tuberculosis, and streptomycetes. Quite how the 
substitution affects enzyme activity is therefore not clear, which mirrors 
our lack of understanding of how phosphorylation lowers activity [14]. 

GarA has been reported to rescue the temperature-sensitive mutation 
by reducing the accumulation of carbohydrate [4]. All attempts to 
identify an interaction between GarA and GlgE suggested no such 
interaction occurs. In addition, GarA did not strongly inluence the 
temperature stability of GlgE (Fig. 6). Both GarA and GlgE are substrates 
of the phosphorylase PknB. Phosphorylation of GarA precludes its 
binding to other proteins. Phosphorylation of GlgE leads to its negative 
regulation, primarily through a lowering of kcatapp by up to two orders of 
magnitude [14]. Perhaps GarA binds to phosphorylated GlgE and sta-
bilises it. However, preliminary anisotropy experiments with GarA and 
GlgE phosphorylated by PknB indicated no interaction (data not shown). 

Fig. 11. The location of the substituted His residue on GlgE. The structure of 
Streptomyces coelicolor GlgE isoform I is shown with surface representation (PDB 
entry 5LGV) [25]. This structure is of a Glu423Ala variant with a maltooligo-
saccharide bound to both the donor and acceptors sites (with this ligand 
omitted for clarity). The equivalent residue to His349 in the M. smegmatis 
enzyme is His329 in the S. coelicolor enzyme, which is highlighted in red and is 
visible in the lower panel. Representative residues associated with the binding 
site of α-maltose-1-phosphate (catalytic residues Glu423Ala and Asp394, 
together with Gln324 and Asn352; S. coelicolor numbering) are highlighted in 
green, while some of those associated with the binding site of the acceptor 
(His397, Trp448 and Arg449) are highlighted in magenta. All of these residues 
associated with the binding of substrates are visible in the upper panel. 
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In any case, phosphorylated GlgE has very low activity, so its stabilisa-
tion would not recover lux through the enzyme. The most likely 
explanation for the ability of GarA to rescue the mutation is therefore 
that it acts as a decoy at high concentrations, preventing the negative 
regulation of GlgE. It therefore follows that GlgE would normally be 
somewhat negatively regulated by PknB at the non-permissive temper-
ature, perhaps to counter its temperature-dependent increase in activity 
(Fig. 7). It could therefore be the combination of negative regulation, 
thermo-instability and a reduced kcatapp that breaks the threshold for 
tolerance of α-maltose-1-phosphate toxicity in the mutant at the higher 
temperature leading to a lower rate of bacterial growth. 

5. Conclusions 

In this study, we have shown that it is possible to reconcile the 
original report that GlgE is a glucanase [4] with what is now known 
about the biosynthesis of glycogen in mycobacteria [5]. When GlgE is 
compromised by the H349Y amino acid substitution, α-maltose-1- 
phosphate accumulates to toxic levels due to a partial loss of polymerase 
activity, particularly at an elevated temperature, coupled with a loss of 
stability. This implies the regulation of GlgE is delicately balanced to 
control lux through the glycogen biosynthetic pathway without 
compromising growth. This increases the attractiveness of the GlgE 
pathway as a potential drug target [26]. 
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Ɛ  | INTRODUC TION

The cell walls of mycobacteria including the tuberculosis-causing 

Mycobacterium tuberculosis contain distinct long-chain fatty acids 

termed mycolic acids. These α-alkyl, β-hydroxy fatty acids form an 

integral part of the cell wall of mycobacteria, and of other related 

bacteria of the suborder Corynebacterineae, including the genera 

Nocardia, Corynebacterium and Rhodococcus (Marrakchi, Laneelle, & 

Daffe, 2014). Mycolic acids can be found covalently linked to cell 

wall arabinogalactan and as part of the glycolipids' trehalose mono-

mycolate (TMM), trehalose dimycolate and glucose monomycolate. 

They are essential for mycobacterial viability (Marrakchi et al., 2014; 

Nataraj et al., 2015) and virulence and are synthesised by a complex 
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Abstract
The final step in mycolic acid biosynthesis in Mycobacterium tuberculosis is catalysed 

by mycolyl reductase encoded by the Rv2509 gene. Sequence analysis and homology 
modelling indicate that RvƑƔƏ9 belongs to the short-chain fatty acid dehydrogenase/
reductase ŐSDRő family, but with some distinct features that warrant its classifica-

tion as belonging to a novel family of short-chain dehydrogenases. In particular, the 

predicted structure revealed a unique α-helical C-terminal region which we dem-

onstrated to be essential for RvƑƔƏ9 function, though this region did not seem to 
play any role in protein stabilisation or oligomerisation. We also show that unlike the  
M. smegmatis homologue which was not essential for growth, Rv2509 was an essen-

tial gene in slow-growing mycobacteria. A knockdown strain of the BCG2529 gene, 

the Rv2509 homologue in Mycobacterium bovis BCG, was unable to grow following 
the conditional depletion of BCGƑƔƑ9. This conditional depletion also led to a reduc-

tion of mature mycolic acid production and accumulation of intermediates derived 

from 3-oxo-mycolate precursors. Our studies demonstrate novel features of the my-

colyl reductase Rv2509 and outline its role in mycobacterial growth, highlighting its 

potential as a new target for therapies.
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array of enzymes that includes a mammalian-like Fatty Acid Synthase 
I ŐFAS-Iő, and a multienzyme complex of Fatty Acid Synthase-II 
ŐFAS-IIő ŐMarrakchi et al., ƑƏƐƓő. One of the late stages of mycolic acid 
biosynthesis involves the Claisen condensation of a FAS-II-derived 
long meromycolate chain (C42-C62ő with a short FAS-I-derived fatty 
acid (C24-C26) to yield α-alkyl, β-keto fatty acid intermediate, cata-

lysed by the polyketide synthase Pks13 (Gande et al., 2004; Portevin 

et al., 2004). The final step in the formation of a mature mycolic acid 

involves the enzymatic reduction of the β-keto group of the product 

of Pks13 to produce α-alkyl, β-hydroxy fatty acids (mature mycolic 

acid). In M. tuberculosis, the reductase required for this final step is 
encoded by Rv2509 ŐBhatt, Brown, Singh, Minnikin, & Besra, ƑƏƏ8; 
Lea-Smith et al., ƑƏƏ7ő. Initial studies in Corynebacterium glutamicum, 

a species that can survive the loss of mycolic acids, indicated that de-

letion of cmrA (NCgl2385), the Rv2509 orthologue, resulted in a strain 

that accumulated the α-alkyl, β-keto fatty acid precursor instead of 

mature mycolic acids ŐLea-Smith et al., ƑƏƏ7ő. Mycolic acid biosyn-

thesis genes are essential in mycobacteria; however, surprisingly, we 

were able to generate a viable mutant of MSMEG4722, the homo-

logue of Rv2509 in the fast-growing Mycobacterium smegmatis ŐBhatt 
et al., ƑƏƏ8ő. Similar to the C. glutamicum NCgl2385 mutant, the M. 

smegmatis MSMEG4722 mutant produced α-alkyl, β-keto fatty acyl 

precursors of mycolic acids (3-oxo-mycolic acid precursors) which 

were transported and esterified to arabinogalactan in the cell wall 

ŐBhatt et al., ƑƏƏ8ő. While the precise knowledge of the substrate for 
Rv2509 is lacking, functional analysis of the preceding enzyme in the 

biosynthetic pathway, Pks13, indicated that, while this polyketide 

synthase primarily catalyses the formation of the α-alkyl, β-keto 

fatty acyl precursor, it also contains enzymatic motifs that facilitate 

the release of the nascent fatty acyl chain and its subsequent trans-

fer to a trehalose residue to produce a trehalose residue esterified 

with the α-alkyl, β-keto fatty acyl precursor of mycolic acid (Gavalda 

et al., 2014). These findings suggest that the trehalose-bound mono 

ƒ-oxo-mycolic acid precursor may likely be the substrate for RvƑƔƏ9, 
which catalyses its conversion to TMM (Figure 1). In this study, we 

set out to do a detailed study of the amino acid sequence of RvƑƔƏ9 
with the aim of deducing its structure and functional connections, 

which led to the identification of series of unique sequences, and 
by proxy, novel structural features. We then probed the role of one 
distinct structural feature of the mycobacterial mycolyl reductase in 

vitro by deletion analysis. We also probed the essentiality of Rv2509 

for the growth and viability of the slow-growing M. tuberculosis com-

plex using Mycobacterium bovis BCG.

Ƒ  | RESULTS

Ƒ.Ɛ | Homologues of M. tuberculosis Rv2509 are 
found across mycolic acid-producing species

While mycolic acids are produced by several species belonging to 
the suborder Corynebacterineae, the biosynthesis of mycolates has 

been studied in detail exclusively in the genera Mycobacterium and 

Corynebacterium. While the two genera share a common set of en-

zymes required for mycolic acid biosynthesis, select differences also 
exist. For example, while the meromycolate chains are synthesised 

by a Type-II fatty acid synthase complex in species of Mycobacterium, 

the same function is carried out by a mammalian-like Type-I fatty 

acid synthase in Corynebacterium species (Radmacher et al., 2005). 

Similarly, differences exist in the transport of mycolic acids between 
the two genera (Varela et al., 2012; Yang et al., 2014). To investigate 

whether the reduction of premycolates by an exclusive mycolyl re-

ductase, was an enzymatic process conserved across other mycolic 

acid-producing species, we used the amino acid sequence of RvƑƔƏ9 
as a source template for a BLASTp search of genome sequences 
of other known mycolic acid-producing bacteria. Homologues of 
Rv2509 were found across the mycolate-producing genera (Figure 2). 

A phylogenetic analysis of Rv2509, its homologues in other myco-

bacteria and in select mycolic acid-producing species revealed that 

mycolyl reductases from Corynebacterial species branched early 

ŐSupporting information Figure SƐő. Corynebacteria produce rela-

tively short chain mycolic acids (Radmacher et al., 2005). To test 

whether mycolyl reductases across the mycolata had evolved spe-

cificities to accommodate differing chain lengths, we transformed 

the M. smegmatis ΔMSMEG4722 strain with a plasmid-containing C. 

glutamicum mycolyl reductase gene NCgl2385 to generate the strain 

ΔMSMEG4722-CNCgl2385. Mature mycolic acid production was re-

stored in the transformed strain, indicating that NCgl2385 could re-

duce M. smegmatis ƒ-oxo-mycolic acid precursors and consequently 
fully complement the mutant M. smegmatis strain. This outcome sug-

gested that mycolyl reductases across the mycolata likely did not 

evolve specificities for differing chain lengths (Figure 3).

Ƒ.Ƒ | Predicted structure of M. tuberculosis RvƑƔƏ9

We attempted to deduce possible functional properties of RvƑƔƏ9 
using a comparative sequence and structural analysis with proteins 
of known function. Sequence analysis of RvƑƔƏ9 using the NCBI 
conserved domain database ŐMarchler-Bauer et al., ƑƏƐƔő catego-

rises the protein as a part of the DltE family of short-chain dehy-

drogenases (cluster COG0300), which are in turn members of the 

clƑ77Ɣƒ short-chain dehydrogenase/reductase ŐSDRő superfamily 
of NAD(P)-dependent oxidoreductases. This is a diverse group, con-

taining over 8Ə,ƏƏƏ unique sequences ŐFujisawa, Nagata, & Misono, 
ƑƏƏƒő. However, despite this diversity, all SDR-superfamilies display 
the classical Rossmann fold typical of NAD+/NADP+-binding pro-

teins and hence can be classified as belonging to the cl21454 family 

of topologically and structurally related proteins.

Next, we screened the peptide sequence of Rv2509 against the 

PDB database to find structural templates for homology model-
ling. The serine dehydrogenase YdfG ŐUniProt ID Pƒ98ƒƐ; PDB ID 
ƒASU/ƒASVő ŐYamazawa, Nakajima, Mushiake, Yoshimoto, & Ito, 
2011) had the highest identity score; however, structural analysis re-

vealed several gaps in the pairwise alignment and the C-terminal re-

gion was shorter than that observed in Rv2509, which necessitated 
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additional template input. Therefore, the structures of the four 

highest-scoring experimental SDRs ŐƒASU/ƒASV, ƐXGƔ, ƓXƔƓ and 
ƓBMVő were used in parallel as a basis for comparative homology 
modelling of Rv2509 ŐFigure Ɠő using the I-TASSER package ŐYang et 
al., 2015) with specific template selection enabled. Notably, while, 

three of the templates yielded models with roughly equivalent 
Őconfidenceő C-scores, the one based on the SDR from Sphingobium 

yanoikuyae ŐƓBMV.pdb; GenBank ID ACB78Ɛ8ƒ.Ɛő stood out with 
the highest C-score of Ə.6, indicating a high quality of prediction.

As visualised by the structural alignment (Figure 2) which shows 

the predicted secondary structure elements of RvƑƔƏ9 aligned to 
its Corynebacterial homologues, the core structure of the RvƑƔƏ9 
model presents a typical NADP-binding protein Rossmann fold 

Őresidues ƐŋƑƒƔő ŐPersson, Kallberg, Oppermann, & Jornvall, ƑƏƏƒő 

FIGURE Ɛ Proposed reaction catalysed by RvƑƔƏ9. The putative substrate is trehalose mono-premycolate and the product is trehalose 
monomycolate. The examples shown here is that of a α-mycolic acid from Mycobacterium tuberculosis [Colour figure can be viewed at 
wileyonlinelibrary.com]
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with seven parallel β-strands forming a central β-sheet, which is 

sandwiched between two layers of α-helices—three on each side 

ŐFigure Ɠő. Although an earlier study has correctly classified RvƑƔƏ9 
within the short-chain reductase ŐSDRő superfamily and identified 
crucial sequence signatures such as the potential NADŐHő/NADPŐHő-
binding motif and active site in residues ƐƔ7ŋƐ6Ɛ ŐLea-Smith et al., 
2007), it did not include further structural prediction and analysis, 

and was limited in terms of sequences used. We, therefore, sought 
to expand this initial analysis by performing a systematic analysis of 

the RvƑƔƏ9 orthologues from a wide range of Corynebacterineae to 

represent all known mycolate-producing genera.

We initiated these studies by analysing the cofactor binding 
site. SDRs can be divided into two large families, ľClassicalĿ SDRs 
which are around ƑƔƏ amino acid residues long and ľExtendedĿ 

SDRs which contain around ƒƔƏ residues ŐJornvall et al., Ɛ99Ɣő, 
exhibiting differences in the arrangement of glycine residues 

within the coenzyme binding sites. Coenzyme preference-predic-

tions based on the strong conservation of the signature residues 

ŐPersson et al., ƑƏƏƒő classified the RvƑƔƏ9 into the group of the 
NADPŐHő-binding SDRs, consistent with its mycolyl reductase 
function. However, it was difficult to categorically allocate RvƑƔƏ9 
into a specific group of SDRs as the predicted NADP-binding site 
of Rv2509 (G16XXQƐ9N20I21G22) displays a unique and novel vari-
ation of the ŐTő-G-X-X-X-G-I-G motif described by Brakoulias and 
Jackson ŐƑƏƏƓő ŐFigure Ƒő. The variation seems to be restricted to 
the long-chain mycolates-producing species of Mycobacteriaceae, 

as short-chain mycolates-producing Corynebacteria retain the 

more established G-X-X-X-G-I-G motif. ŐFigure Ƒő. Key residue 

F I G U R E  Ƒ   A structural alignment of the predicted RvƑƔƏ9 structure from Mycobacterium tuberculosis, with annotated secondary 
structure elements Őtopő with the sequences of the Mycobacterial and Corynebacterial homologues highlighting the unique sequence 
motifs of the Rv2509 subfamily of SDRs. The GxxQNIG motif along with RR pair identifies a novel NADPŐHő binding consensus, limited to 
Mycobacteriaceae Őhighlighted in yellowő. GxxSGIG is the wider consensus seen in the more remotely related Corynebacteria. Similarly, the 
unique Rossmann core-stabilisation signature CANAGT reported here is also restricted to the Mycobacteriaceae (highlighted in yellow) and 
reverts to the more common ŐCőNNAGŐI/Fő in the more remote homologues. Active site residues N-G-S-Y-K in alpha-helix Ɠ and alpha-
helix Ɣ are preserved throughout the family; however, a unique additional tyrosine residue can be seen to be present in Mycobacteriaceae 
(highlighted in yellow). The C-terminal extension is also uniquely conserved across the wider Corynebacterial species 
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positions in the NADPŐHő site suggest that Rv2509 is a cP2 mem-

ber of the ľClassicĿ SDR family, according to the classification 
system of Persson et al., ŐBrakoulias & Jackson, ƑƏƏƓő, which is 
further reinforced by the presence of two specific discriminator 

residues, R-R, found in positions 41–42 in both Rv2509 and YdfG 

from Escherichia coli ŐƒASV.pdbő, as these residues are associ-
ated with coordination of the phosphate group of the NADPŐHő 
cofactor. Further analysis of Rv2509 suggests that it has a Class 

IV NADPŐHő-binding site Őwith consensus [AVIC]-[LIV]-[VIL]-T-
G-[ASGC]-X2-[GR]-[ILF]-G-X6-[LFY] ŐHua, Wu, Sargsyan, & Lim, 

ƑƏƐƓő. Thus, our analysis firmly places the RvƑƔƏ9 family within 
the NADPŐHő-binding subfamily of SDRs.

The active site in SDRs is formed by a tight cleft, lined by α-helix 

4, β-strand 4 and α-helix 5 (Filling et al., 2002; Oppermann et al., 

Ɛ997ő. RvƑƔƏ9 exhibits the ľclassicalĿ SDR motif Yx[AS][ST]K in 
α-helix Ɣ ŐYƐƔ7 and KƐ6Ɛ being the central catalytic residueső, while 
the GxggxgSS/T motif in β-strand Ɠ ŐGƐƒ7, SƐƓƓő and the central res-

idue of α-helix 4, N116 (Figure 2) are also instantly recognisable. In 

addition, it is possible that some contact with the substrate may be 

provided by the β-strand 4.

Rather intriguingly, the consensus residues ľNNAGĿ involved in 
the stabilisation of the central β-sheet of the Rossmann fold in the 

ľClassicalĿ SDRs and located at the core of the protein are not fully 
conserved in Rv2509 but take the form of a novel ľANAGĿ sequence 
Ősee Figure Ƒő. Furthermore, this novel sequence is paired with a 
preceding Cys residue, which is also correlated with the presence 

of a C-terminal Thr Őin position 9Ɛ in M. tuberculosiső. This unique 
ľCANAGTĿ signature makes Rv2509 orthologues in Mycobacteriaceae 

instantly recognisable (Figure 2).

In SDR proteins, the substrate-binding loop links the sixth 
β-sheet with the seventh α-helix and is one of the larger loops. In 

the predicted structure of RvƑƔƏ9 this loop spans roughly from 
P187 to S214 and appears largely conserved within the mycolic ac-

id-producing species ŐFigure Ƒő. While the loop's length and po-

sition corresponds closely to the length of the substrate-binding 

loop in both ƓBMV ŐPƐ8ƒ-EƑƏ6ő and ƒASV ŐPƐ78-TƑƏ8ő, there 
was little conservation of the loop's sequence relative to RvƑƔƏ9 
in these and other divergent SDRs Ősee ConSurf analysis below 
ŐAshkenazy et al., ƑƏƐ6ő; Supporting information Figure SƑő, sug-

gesting, as expected, major differences in the structure of the sub-

strate for RvƑƔƏ9.
The most intriguing finding upon the analysis of the Rv2509 

orthologues was that all of them seem to present a C-terminal do-

main which seems to be highly specific to the Corynebacterineae. It 

proved also the most difficult to model reliably, as in the majority 

of the available SDR structural templates, the C-terminal region, 
appears to be either truncated or disorganized. ConSurf mapping 
using the multiple sequence alignment shown in Figure Ƒ and mul-
tiple sequence alignment based on ƐƔƏ nonredundant sequences 
of remote SDR homologues revealed that the C-terminus of 
RvƑƔƏ9 is uniquely a feature of the subfamily of Corynebacteriales 
ŐSupporting information Figure Sƒő. Both pairwise and multiple se-

quence analyses indicated that the C-terminal region of the ƓBMV.
pdb is closely related to RvƑƔƏ9 and thus can be tentatively used 
as a template for that region. This was further corroborated that 

by comparative modelling ŐSong et al., ƑƏƐƒő and pure ab-initio 

modelling ŐRaman et al., ƑƏƏ9ő, as implemented in the NewRobetta 
server (http://new.robet ta.org). To validate this hypothesis, we 

conducted additional ab initio secondary structure predictions 

of Rv2509 ŐƑƒ6ŋƑ68ő using JPredƓ ŐDrozdetskiy, Cole, Procter, & 
Barton, ƑƏƐƔő and PSIPRED ŐBuchan & Jones, ƑƏƐ9; Jones, Ɛ999ő. 
Both of these bioinformatics tools supported a high alpha-helical 
propensity of the C-terminal region of Rv2509, suggesting that 

F I G U R E  ƒ   Complementation of the M. smegmatis ΔMSMEG4722 
mutant with the Corynebacterial mycolyl reductase. TLC analysis 
of 14C-labelled mycolic acid methyl esters ŐMAMEső isolated from 
different strains. α; α MAMEs, α′; α′ MAMEs, e; epoxy MAMEs, 
O; origin, D, degradation products derived from 3-oxo-mycolate 
precursors. Solvent system; petroleum ether:acetone Ő9Ɣ:Ɣ, v:vő
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ƓBMV as a reliable template for the region ŐSupporting informa-

tion Figure Sƒő. Indeed, the C-terminus of the ƓBMV.pdb structure, 
similarly to Rv2509, appears to be extended and is well-structured, 

presenting an α-helical organisation.

Ƒ.ƒ | The extended C-terminal of RvƑƔƏ9 is 
essential for the function

Mature mycolic acid production could be restored in the M. smegmatis 

ΔMSMEG4722 mutant on complementation with the M. tuberculosis 

orthologue Rv2509 ŐBhatt et al., ƑƏƏ8ő. The mutant strain thus pro-

vided us with a means of identifying residues and domains required 
for RvƑƔƏ9 function, by assessing the ability of mutated constructs 
of plasmid-borne Rv2509 to complement the ΔMSMEG4722 strain by 

restoring mature mycolic acid biosynthesis. To test if the extended 

C-terminal of RvƑƔƏ9 was required for function, we generated trun-

cated versions of Rv2509 cloned in the replicative shuttle plasmid 

pMVƑ6Ɛ ŐStover et al., Ɛ99Ɛő. Individual plasmids were then introduced 
by electroporation into the M. smegmatis ΔMSMEG4722 mutant and the 

transformed strain analysed for the restoration of mature mycolic acid 

biosynthesis. Deletion of 14 amino acid residues (Ala255-Ser268) from 

F I G U R E  Ɠ   Visualisation of the 
predicted structure of Mycobacterium 

tuberculosis RvƑƔƏ9 monomer. Two 
different orientations are given; side-
view and top-down view towards the 
coenzyme binding site. The protein 
is coloured like a rainbow from blue 
(N-terminus) to red (C-terminus) and 
the main secondary structure elements 
are labelled, as well as the predicted 
C-terminal extension domain is circled in a 
red oval. The location of the key sequence 
and structural motifs discussed in the text 
is also provided
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the C-terminal of RvƑƔƏ9 resulted in a complete loss of function as 
the strains transformed with the truncated construct failed to restore 

mature mycolic acid biosynthesis in the ΔMSMEG4722 strain (Figure 5; 

ΔMSMEG4722-CRvD1). A construct with a shorter truncation (Tyr262-

Ser268 deleted) also failed to complement the ΔMSMEG4722 strain 

(Figure 5; ΔMSMEG4722-CRvDƑő. Expression of Rv2509 and truncated 

constructs could be detected by RT-PCR confirming that the loss of 

RvƑƔƏ9 function was linked to the deletion of the C-terminal residues 
ŐSupporting information Figure SƓő. These results demonstrated that 
the C-terminus of RvƑƔƏ9 spanning terminal residues Ala255-Ser268 

was critical for function. The findings suggested an essential role for 

the unique, C-terminal extension in the activity of RvƑƔƏ9.
To further query whether this C-terminal extension played a role 

in either protein stability, protecting RvƑƔƏ9 from degradation, or 
in oligomerisation, we expressed N-terminal His-tagged versions of 
RvƑƔƏ9 and RvƑƔƏ9-DƐ ŐRvƑƔƏ9 with Ala255-Ser268 deleted) in E. 

coli. Western blot analysis of native polyacrylamide gels showed that 
there were no patterns of degradation detected in RvƑƔƏ9-DƐ, indi-
cating that the loss of function due to the deletion of this region was 

not related to protein stability ŐSupporting information Figure SƔő. 

Furthermore, we did not observe additional slower migrating bands, 

indicating dimerisation (or oligomerisation) of full-length or truncated 

RvƑƔƏ9. Furthermore, cross-linking RvƑƔƏ9 with glutaraldehyde did 
not reveal additional slower migrating bands, suggesting that RvƑƔƏ9 
did not oligomerise in solution ŐSupporting information Figure SƔő.

Ƒ.Ɠ | Rv2509 is an essential mycobacterial gene

Given the nonessentiality of the mycolyl reductase gene in M. smegma-

tis and prediction of transposon-site hybridisation screens of a slow-

growing M. tuberculosis Rv2509 mutant, we aimed to generate a null 

mutant of Rv2509 in M. tuberculosis using Specialised Transduction 
ŐBardarov et al., ƑƏƏƑő. Such a mutant would also allow us to test 
the role of the mycolyl reductase in virulence using macrophage and 

mouse models of infection. However, repeated attempts failed to gen-

erate transductants, suggesting that Rv2509 was essential for growth 

in M. tuberculosis. Indeed, subsequent transposon mutagenesis screens 
utilising deep sequencing predicted Rv2509 to be essential for in vitro 

growth of M. tuberculosis ŐGriffin et al., ƑƏƐƐő. We then utilised a pro-

moter replacement strategy to demonstrate the essentiality of Rv2509 

in slow-growing mycobacterial vaccine strain Mycobacterium bovis 

BCG. The Pmyc1 promoter from M. smegmatis engineered to contain 

four tetO operator sites ŐKorte et al., ƑƏƐ6ő was inserted immediately 
upstream of the start codon of BCG2529, the Rv2509 homologue in 

M. bovis BCG-Pasteur, using Specialised Transduction generating the 
strain BCG::PTet-BCG2529. Controlled gene expression of the BCG2529 

gene was achieved using a plasmid-borne synthetic gene (rev-tetR) de-

rived from Tn10 tetR encoding a mutated TetR protein with reversed 

binding affinity to tetO sites upon the binding of tetracycline. The addi-

tion of anhydrotetracycline (ATc) results in the loss of expression.

The addition of ATc resulted in the loss of growth of BCG::PTet-

BCG2529 in broth, indicating that the expression of the gene en-

coding the mycolyl reductase was essential for the in vitro growth 

of slow-growing mycobacteria (Figure 6a). Furthermore, while con-

centrated cultures of BCG::PTet-BCG2529 showed confluent growth 

on 7HƐƏ agar plates, no confluent growth was observed on plates 
containing ATc ŐFigure 6bő. We did observe a few scattered colo-

nies on the ATc-containing plates and these are likely to be sup-

pressors allowing leaky expression of PTet driven BCG2529. These 

results demonstrated that the mycolyl reductase was essential for 

the growth and viability of slow-growing mycobacteria.

Ƒ.Ɣ | Conditional depletion of the mycolyl reductase 
results in the loss of mature mycolic acids

The M. smegmatis mycolyl reductase mutant was unable to synthesise 

fully mature mycolic acids and instead produced 3-oxo-mycolate pre-

cursors that were found esterified to the cell wall arabinogalactan and 

to trehalose ŐBhatt et al., ƑƏƏ8ő. These labile precursors gave rise to 
palmitone derivatives following alkali treatment, which were visual-

ised on Thin Layer Chromatography (TLC) plates migrating close to the 

F I G U R E  Ɣ   TLC analysis of 14C-labelled MAMEs isolated from 
the strains of M. smegmatis ΔMSMEG4722 mutant transformed 
with the different deletion constructs of Rv2509. α; α MAMEs, α′; 
α′ MAMEs, e; epoxy MAMEs, O; origin, D, degradation products 
derived from ƒ-oxo-mycolate precursors. Solvent system; 
petroleum ether:acetone Ő9Ɣ:Ɣ, v:vő
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solvent front in a solvent system used for separating methyl esters of 

mycolic acids and fatty acids ŐFAMEs and MAMEső ŐBhatt et al., ƑƏƏ8ő. 
To test the effects of conditional depletion of the mycolyl reductase 

we labelled the cultures of BCG::PTet-BCG2529 with 14[C]-acetic acid 

following grown in the presence and absence of ATc, and extracted 

MAMEs from the cultures. TLC analysis of the extracted MAMES 
showed a decrease in the levels of α and keto MAMES and an accu-

mulation of the degradation products derived from 3-oxo-mycolate 

precursors close to the solvent front (Figure 7). These results showed 

that, as in M. smegmatis, loss of the mycolyl reductase function led to 

the loss of mature mycolic acid production and accumulation of the 

premature 3-oxo-mycolate precursors in slow grow mycobacteria.

ƒ  | DISCUSSION

As summarised above, the predicted structure of the RvƑƔƏ9 dis-

plays a Rossmann fold with seven parallel β-strands forming a central 

beta-sheet, which is sandwiched between two layers of alpha-heli-

cesŌthree on each side ŐFigure Ɠő. While largely consistent with the 
ľclassicalĿ family of SDRs ŐPersson et al., ƑƏƏƒő, in Mycobacteriaceae, 

the NADPŐHő-binding motif ŐG-x-x-Q-N-I-Gő, alongside the core sta-

bilisation consensus (C-A-N-A-G-T) is significantly divergent from 

the consensus, to instantly identify this group of SDRs, and in our 
view is distinct enough to be separated into a distinct family.

While we currently lack knowledge about the exact mode of co-

factor and ligand binding within the RvƑƔƏ9 family, some informa-

tion could be inferred from the structurally related FabG family of 

β-ketoacyl reductases which are classified as ľComplex family SDRsĿ 
ŐPersson et al., ƑƏƏƒő. Given that the structural overlay of RvƑƔƏ9 
models with existing ligand-bound FabG members yields an RMSD 
of around 1 Å over the C-alpha backbone atoms, and that FabG share 

common active site residues with Rv2509 it is tempting to suggest 

that these structures share common ligand-binding and NADPŐHő 
orientations towards the active site residues with that observed in 

the aceto-acyl-CoAs. Furthermore, the predicted 3D structure of 

RvƑƔƏ9 also revealed a unique α-helical C-terminal extension, which 

we subsequently showed to be essential for functionŌconstructs 
with deletions in the C-terminal failed to complement (restore my-

colate biosynthesis) in the M. smegmatis mutant.

The role of this C-terminal domain is difficult to assign with cer-

tainty; however, in related SDRs similar C-terminal extensions play 
a number of functions. In the NADPŐHő-dependent tetrameric ser-
ine-dehydrogenase YdfG from E. coli ŐƒASV.pdbő ŐYamazawa et al., 
2011), the C-terminal region protrudes from the main core of the 

protein and is required for tetramer formation, while it also plays a 
role in the substrate binding via stabilisation of the substrate loop. It 

is also notable that in FabG family of related SDRs discussed above 
also organise as tetrameric assemblies with the participation of their 

C-terminal domains ŐJavidpour et al., ƑƏƐƓő. Furthermore, in the my-

cobacterial FabG4 dimer, Arg146 and Arg445 of one protomer inter-

act with the C-terminus of the second protomer and play an essential 

role in the substrate association and catalysis ŐDutta, Bhattacharyya, 
Roychowdhury, Biswas, & Das, ƑƏƐƒő. However, our experiments 
with purified full-length and truncated RvƑƔƏ9 do not seem to sug-

gest that the mycolyl reductase forms oligomers.

While it isn't in itself surprising that RvƑƔƏ9 presents a con-

served SDR fold, our analysis has identified it for the first time deci-
sively as a member of the NADPH-binding family and indicated that 
it possesses a number of unique features. Taken together with the 
unique signatures of the NADPH-binding site, core stabilisation do-

mains, as well as C-terminal domain extension, the unique features 
of RvƑƔƏ9 possibly merit its inclusion into a distinct family.

Our previous studies with M. smegmatis suggested that the my-

colyl reductase would likely not be essential for the growth in M. 

tuberculosis and related slow-growing mycobacteria. However, this 
work demonstrated that gene encoding the reductase, Rv2509, was 

an essential gene required for the growth of slow-growing myco-

bacteria in laboratory media. This, along with the identification of 

unique domains in the predicted structure of RvƑƔƏ9 highlights its 
potential as a novel anti-TB drug target.

F I G U R E  6   Conditional depletion of the mycolyl reductase 
in BCG::PTet-BCG2529 leads to the loss of growth. (a) growth in 
different concentrations of ATc in 7H9 broth, Őbő growth on 7HƐƏ 
agar containing Ɣ µg/ml of ATc. Control strain; BCG transformed 
with pMV261::rev-tetR-RBS-D
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Ɠ  | E XPERIMENTAL PROCEDURES

Ɠ.Ɛ | Growth conditions, strains, phages and 
plasmids

M. smegmatis mc2ƐƔƔ and derived strains was cultured in Tryptic Soy 
Broth ŐTSBő or on TSB-agar, M. bovis BCG strains were grown in 7H9 
broth or on 7HƐƏ agar plates. E. coli strains were grown in LB broth 
or LB agar. Hygromycin was used at a concentration of ƐƏƏ mg/ml 
for E. coli and mycobacterial strains. Kanamycin was used at a con-

centration of 25 mg/ml and 50 mg/ml for mycobacteria and E. coli 

respectively. Recombinant mycobacterial strains, phages and plas-

mid constructs used in this study are listed and described in Table 1.

Ɠ.Ƒ | Sequence analysis and homology modelling

The multiple sequence alignments ŐMSAő were prepared using 
MAFFT and NJ/UPGMA phylogeny algorithms as implemented in 
MAFFT v.7 server Őhttps ://mafft.cbrc.jp/ ŐKatoh, Misawa, Kuma, & 
Miyata, 2002)) and the resulting phylogenetic trees were visualised 

using Archaeopteryx ŐHan & Zmasek, ƑƏƏ9ő. Multiple sequence 

alignment visualisation and structural annotations were performed 

using ESPript ƒ ŐGouet, Robert, & Courcelle, ƑƏƏƒő. For the purposes 
of homology modelling, we employed I-TASSER ŐYang et al., ƑƏƐƔő 
with the assignment of templates. Outputs were independently 

corroborated by ab-initio modelling using the New Robetta server 

Őhttp://new.robet ta.orgő. Sequence conservation analysis was per-
formed using ConSurf ŐAshkenazy et al., ƑƏƐ6ő and visualised using 
PyMOL ŐThe PyMOL Molecular Graphics System, Version Ɛ.7Ɛ 
Schrödinger, LLCő with additional local manual refinement and struc-

tural superposition performed in Coot ŐEmsley, Lohkamp, Scott, & 
Cowtan, ƑƏƐƏő. Secondary structure predictions for the C-terminal 
domain were performed with JPredƓ ŐCole et al., ƑƏƏ8ő and PSIPRED 
ŐBuchan et al., ƑƏƐƒő.

Ɠ.ƒ | Expression, purification and analysis of 
RvƑƔƏ9 and its C-terminal truncated derivative

RvƑƔƏ9 was cloned in the expression vector pETƑ8a by PCR 
from M. tuberculosis Hƒ7Rv genomic DNA using the primer pair 
PetƑ8a_RvƑƔƏ9 _FƑ ŐƔ′-TTTACATATGCCGATA CCCGCGCCC-ƒ′ő 
and PetƑ8a_RvƑƔƏ9_RƐ ŐƔ′-ATTAAAGCTTCTAGCTGCCCCCAA 

F I G U R E  7   TLC analysis of 14C-labelled 
MAMEs isolated from BCG::PTet-BCG2529 
strain. α; α MAMEs, keto; keto MAMEs, 
O; origin, D, degradation products derived 
from ƒ-oxo-mycolate precursors. Solvent 
system; petroleum ether:acetone Ő9Ɣ:Ɣ, 
v:v)
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GCCTCTTG-ƒ′ő. Similarly, the C-terminal truncated version 
of RvƑƔƏ9 Őmissing the last ƐƓ amino acidső was PCR ampli-
fied using the primer pair PetƑ8a_RvƑƔƏ9 _FƑ ŐƔ′-TTTACATA 
TGCCGATACCCGCGCCC-ƒ′ő and PetƑ8a_RvƑƔƏ9_delRƐ 
ŐƔ′-ATTAAAGCTTCTACA CGATGGCGCGCGGAGC-ƒ′ő. The con-

structs were cotransformed into BLƑƐ cells with M. tuberculosis 

chaperone GroES 6Ə.Ƒ. Cultures were seeded Ɛ:ƐƏƏ with an over-
night starter culture and grown at 37°C in terrific broth supple-

mented with ampicillin (100 µg/ml) and kanamycin (50 µg/ml) to 

OD600 = 0.6 and induced with 0.5 mM IPTG overnight at 37°C or 

16°C respectively. Cells were harvested at 4,000 rpm at 4°C, washed 

with PBS and frozen at −8Ə°C until further use. Full-length protein 
was purified on cobalt-IMAC in buffer ƔƏ mM NAHƑPOƓ pH 7.Ɣ, 
500 mM NaCl, 10% glycerol and truncated in the same buffer com-

position at pH 7.Ə. The eluted fraction of ƑƏƏ mM imidazole was 
taken for native-PAGE analysis.

A native polyacrylamide gel with the separated samples was 

transferred to a Hybond™ nitrocellulose membrane ŐGE Healthcare 
Life Scienceső which was then blocked in Ɣ% milk ƑƏ mM Tris pH 
7.Ɣ, ƐƔƏ mM NaCl TBS Ə.ƏƔ% Tween for Ɛh at room temperature 
followed by incubation with Ə.Ɛ% milk TBS-tween with penta-his 
antibody BSA free ŐQiagenő. Following washing with TBS-tween the 
membrane was incubated with Ə.Ɛ% milk TBS-tween with anti-mouse 

IgG-Alkaline Phosphatase ŐSigma Aldrichő for ƒƏ min at room tem-

perature, washed with TBS-tween and a final wash with TBS. The 
membrane was stained for Ɣ min with BCIP/NBT ŐSIGMAFAST™ő in 
water for visualisation.

Cross-linking of full-length RvƑƔƏ9 was carried out in ƔƏ mM 
NaH2PO4 pH 7.Ɣ, ƐƏ% glycerol at a final concentration of Ə.Ɛ% glu-

taraldehyde and allowed to progress at room temperature for 2 min. 

The reaction was halted with ƐM Tris pH 8 and subsequently run on 
SDS-PAGE for visualisation using SYPRO-ruby ŐMolecular Probeső.

Ɠ.Ɠ | Conditional depletion of the RvƑƔƏ9 
homologue BCG2529 in M. bovis BCG-Pasteur

For establishing the regulated expression of the BCG2529 gene, a 

synthetic gene cassette (hyg-Pmyc1-ƓXtetO) comprising a hygromy-

cin-resistance gene and the Pmyc1 promoter from M. smegmatis en-

gineered to contain four tetO operator sites ŐKorte et al., ƑƏƐ6ő was 
inserted immediately upstream of the BCG2529 start codon in M. bovis 

BCG-Pasteur. Targeted gene knock-in was achieved by specialised 
transduction employing temperature-sensitive mycobacteriophages 

essentially as described previously ŐKorte et al., ƑƏƐ6ő. Briefly, for the 
generation of an allelic exchange construct for site-specific insertion 

TA B L E  Ɛ   Plasmids and bacterial strains used in this study

 Description Reference/Source

Plasmids

pMV261 E. coli-Mycobacterium shuttle plasmid vector with hsp60 promoter and 

KanR cassette (aph)

Stover et al. ŐƐ99Ɛő

pMV261-Rv2509 Rv2509 cloned in pMV261 Bhatt et al. ŐƑƏƏ8ő

pMV261-NCgl2385 NCgl2385 cloned in pMV261 This work

pMV261-Rv2509D1 Deletion construct of Rv2509 cloned in pMV261 encodes a truncated 

protein missing the C-terminal residues Ala255-Ser268

This work

pMV261-Rv2509D2 Deletion construct of Rv2509 cloned in pMV261 encodes a truncated 

protein missing the C-terminal residues Tyr262-Ser268

This work

pMV261::rev-tetR-RBS-D Episomal E. coli-mycobacterium shuttle plasmid pMV261::rev-tetR-

RBS-D providing constitutive rev-tetR gene expression from the 

HSP6Ə promoter in mycobacteria

Korte et al. ŐƑƏƐ6ő

pETƑ8a-Rv2509 Plasmid for expressing Rv2509 in E. coli This work

pETƑ8a-Rv2509D1 Plasmid for expressing C-terminal truncated Rv2509 in E. coli This work

Bacterial strains

mc2155 Electroporation-proficient ept mutant of M. smegmatis strain mc26 Snapper, Melton, Mustafa, Kieser, 
and Jacobs ŐƐ99Əő

ΔMSMEG4722 Deletion mutant of mc2155 in which MSMEG4722 is replaced by hyg Bhatt et al. ŐƑƏƏ8ő

ΔMSMEG4722-CRv ΔMSMEG4722-containing pMV261-Rv2509 Bhatt et al. ŐƑƏƏ8ő

ΔMSMEG4722-CNCgl2385 ΔMSMEG4722-containing pMV261-NCgl2385 This work

ΔMSMEG4722-CRvD1 ΔMSMEG4722-containing pMV261-Rv2509D1 This work

ΔMSMEG4722-CRvD2 ΔMSMEG4722-containing pMV261-Rv2509D2 This work

BCG::PTet-BCG2529 BCG Pasteur strain containing the Pmyc1 promoter from M. smegmatis 

engineered to contain four tetO operator sites, inserted immediately 

upstream of the start codon of BCG2529, the BCG homologue of 
Rv2509

This work
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of the hyg-Pmyc1-ƓXtetO cassette in M. bovis BCG-Pasteur, upstream- 
and downstream DNA regions flanking the BCG2529 start codon 

were amplified by PCR employing the oligonucleotide pairs Mb2537_

LL Ɣ′-TTTTTCCATAAATTGGAACCGCTACCTGACATGAAACCC-ƒ′ 
and Mb2537_LR Ɣ′-TTTTTCCATTTCTTGGGCCGATGTTCTGCGA 

AGCCCCGG-ƒ′ as well as Mb2537_RL Ɣ′-TTTTTCCATAGATTGGAT 

GCCGATACCCGCGCCCAGCCC-ƒ′ and Mb2537_RR Ɣ′-TTTTT 

CCATCTTTTGGCGGTGTGGGAGGAGATACTCAAG-ƒ′ respectively. 
The gene BCG2528c is localised in antilinear orientation upstream 

of BCG2529 with only 84 bp between the start codons of both 

genes. Since it could not be excluded that the Mb2536c promoter 

region might overlap with the BCG2529 coding region, the upstream 

flanking region contained a duplication of 66 bp of the Ɣ′-end of 
BCG2529 to conserve 150 bp in front of BCG2529 that likely com-

prised its promoter. Subsequently, the upstream and downstream 
flanks were digested with Van9ƐI Őrestriction sites underlinedő and 
ligated with Van9ƐI-digested pcRvƐƒƑ7c-ƓXtetO vector arms ŐKorte 
et al., 2016). The resulting knock-in plasmid was then linearised 

with PacI and cloned and packaged into the temperature-sensitive 

phage phAEƐƔ9 ŐJain et al., ƑƏƐƓő, yielding a knock-in phage which 
was propagated in M. smegmatis at 30°C. Allelic exchange in M. bovis 

BCG-Pasteur using the knock-in phage at the nonpermissive tem-

perature of 37°C was achieved by specialised transduction using 

hygromycin (50 mg/L) for selection, resulting in the site-specific 

insertion of the hyg-Pmyc1-ƓXtetO cassette. The obtained M. bovis 

c-BCG_ƑƔƑ9-ƓXtetO knock-in mutant was verified by the diagnostic 
PCR of genomic DNA using the oligonucleotide pair BCG_ƑƔƑ9_L_
fw Ɣ′ GTCAGGTAGACGGAGAACAC-ƒ′ and BCG_ƑƔƑ9_L_rev Ɣ′ 
AGCTCACCGCGCAGAGATTC-ƒ′ binding outside the allelic ex-

change substrates used to generate this mutant and subsequent 
sequencing of PCR products ŐSupporting information Figure S6ő. 
For achieving the controlled gene expression of the Mb2537 gene, a 

synthetic gene (rev-tetR) derived from Tn10 tetR encoding a mutated 

TetR protein with reversed binding affinity to tetO sites upon the 

binding of tetracycline ŐKlotzsche, Ehrt, & Schnappinger, ƑƏƏ9ő was 
heterologously expressed in the knock-in mutant by electroporation 

of the episomal E. coli-mycobacterium shuttle plasmid pMV261::rev-

tetR-RBS-D providing constitutive rev-tetR gene expression from 

the HSP6Ə promoter in mycobacteria using solid medium contain-

ing 50 mg/L of hygromycin and 20 mg/L of kanamycin for selection 

ŐFamulla et al., ƑƏƐ6ő. This yielded the conditional mutant BCG-
Pasteur c-BCG2529-ƓXtetO pMV261::rev-tetR-RBS-D Őreferred to as 
BCG::PTet-BCG2529) allowing silencing of the BCG2529 gene in the 

presence of anhydrotetracycline (ATc).

For silencing experiments, precultures of the BCG::PTet-

BCG2529 strain were first grown in liquid medium containing 
0.3 µg/ml of ATc, before these precultures were used to inoculate 

the test cultures containing ƏŋƔ µg/ml of ATc. Growth in 96-well 
microtitre plates was quantified after incubation at ƒ7°C for five 
days by adding 10% of 100 µg/ml of resazurin solution. After fur-

ther incubation at ambient temperature for 16 hr, cells were fixed 

for 30 min by formalin addition (5%, v/v, final concentration) and 

fluorescence was quantified using a microplate reader Őexcitation 

ƔƓƏ nm, emission Ɣ9Ə nmő. For the growth on 7HƐƏ agar, nonper-
missive conditions were obtained by adding ATc to a final concen-

tration of 5 µg/ml.

Ɠ.Ɣ | Functional complementation studies

Deletion constructs for Rv2509 were generated by PCR amplifi-

cation of selected regions of Rv2509 using pMV261-Rv2509 as 

a template, incorporating a premature stop codon in the reverse 

primer. The plasmid constructs generated in this manner were called 

pMVƑ6Ɛ-RvƑƔƏ9DƐ and pMVƑ6Ɛ-RvƑƔƏ9DƑ, encoding a truncated 
protein missing the C-terminal residues Ala255-Ser268 and Tyr262-

Ser268 respectively. The C. glutamicum Rv2509 orthologue, NCgl2385 

was PCR amplified using C. glutamicum genomic DNA as a template 

and the PCR product was cloned into pMV261 using primer incor-

porated BamHI and EcoRI sites generating the plasmid pMVƑ6Ɛ-
NCgl2385. Plasmid clones were electroporated into the M. smegmatis 

ΔMSMEG4722 mutant strain using previously described protocols 

ŐSnapper et al., Ɛ99Əő. Kanamycin-resistant transformants were cul-
tured in TSB and FAMEs and MAMEs were extracted from the cell 
pellets and separated by TLC as previously described (Vilcheze & 

Jacobs, ƑƏƏ7ő.

Ɠ.6 | RT-PCR of Rv2509 transcripts

M. smegmatis strains were grown to mid-log phase and RNA was ex-

tracted by acid phenol and chloroform extraction. The purified RNA 

was treated with DNase and converted to cDNA, which was used as 

a template for quantitative PCR. PCR products were run on a Ɛ% aga-

rose gel to detect the expression of Rv2509. The gene sigA was moni-

tored as a constitutively expressed gene. The primers used for PCR 

amplification were RvƑƔƏ9RT-f ŐƔ′-ACAAGTACCGCGTCACGGTC 
-ƒ′ő and RvƑƔƏ9RT-r ŐƔ′-AAGTCCGGCACC AGCTTCTC-ƒ′ő for the 
amplification of nondeleted sections of Rv2509.
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             











’s ability         

          

         



          





            









  





  









          









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            
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            
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                

    
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           
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





            



     

          “A

            

thermostability and the accumulation of αphosphate”









        

 
























“

growing mycobacteria”, we analyzed the gene Rvβ509









a final reduction of a mycolic ȕ





  





terminus of Rvβ509 demonstrated an α











          









           





              





               










        

      

            


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         

            





            











   





           

          

          






          

           

     



                





            

           

      

  





           









 

            

          











 

             





         







              

          








 

–



 

     

             

           







     –  



           

            







           











          



          

          







 

           

        








       









          

   



             

             

   “”        

    











            









    

     

      









 











 


–

 –

 
–

 n̂
–

 
–

 

–

 
–

 –


 

 
–

 

 
–

 


 

–

 
–

 


 


 

α–

 

–

 






–

 

–

 α
–

 
αȕȖλ
–

 
–

 

–

 


–

 

 
–

 
–

 –


 
–

 

 

–

 



 
–

 
–

 
–

 
–

 







–

 
–

 
–


 

 
–


 
–


 
–

 



 
–

 




 

–

 
––

 
–

 
–

 
–

 
–

 
–

 
–







 –


 



 


 
–

 Rizvi, S. M., Shazi, S. & Mohd., H. A simple click by click protocol to perform docking : 
–

 
–

 
–

 
–

 
–


 
–

 
–

 

–

 
–

 
–

 
–

 
–

 

–

 
–

 
α–

 






–


 

α


 
–

 
–

 

–

 
α
–

 
–

 

–

 
–

 

–

 

ȕ–


 

–


 

–

 

–

 —


–







 
–

 
–

 

–

 

–

 



 

–

 

–

 
–

 

–

 
–


 

–

 

–


 

–

 

–

 

–

 







–

 

–


 

–

 
–


 


–

 
–

 
–


 phosphoribose β′ 



 
–

 

–

 
–

 

–

 α(1→6) mannopyranosyltransferase (MptA), 

–


 

–

 

–

 







–

 
–

 



 

–

 
–

 



 

–

 

–

 
–

 

–

 

–

 
–

 



 
–

 
λ
–

 
–

 
ȕ–

 







–

 
–

 


 
–

 
ȕ
–

 
–


 
–

 

–

 
–

 σ
–


 

–

 

–

 
–

 
–


 
–


 
–


 

–

 






–

 

–

 
–

 


 Singh, S. B., Young, K. & Silver, L. L. What is an “ideal” antibiotic? Discovery 
–

 
–

 
–

 
–

 
–

 

–

 

–

 
γ′ of Its Seed Sequence Is Essential for Genome Stabilization and Production of 
–

 
–

 

–

 

–

 
–

 

–


 

–




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 
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 

–

 


 

–

 
–

 
–

 ȕ

–

 
–

 

–

 
–

 
–

 
–

 
–

 

 
–

 
–


 
–

 
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