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2. Brief summary
The bacterium Staphylococcus aureus is an opportunistic human pathogen causing a range of
serious health issues, from common skin infections to infections associated with surgical implants
like hip replacements, to heart, bone and blood infections, toxic shock syndrome and pneumonia.
One major challenge in treating S. aureus infections is the bacterium’s  ability to establish long-term
persistent and naturally resistant infections, they have a remarkable range of strategies that help
them persist on and in the body as well as an ability to regulate when they live singly or communally
in bacterial biofilms.  Worryingly, there is also an increasing number of strains (for example MRSA)
that are resistant to most currently used antibiotics. This study focused on understanding the role of
menaquinone biosynthesis in survival and biofilm formation of the pathogen Staphylococcus aureus
(Sau). Menaquinone (vitamin K2) is a small molecule vitally important in electron transport and
energy generation in a range of pathogenic bacteria. While menaquinone is made by bacteria
humans cannot make it themselves, making the bacterial biosynthesis pathway enzymes interesting
targets for drug discovery. Aims of this work included 1) testing inhibitors of the Mycobacterium
tuberculosis (TB) MenD, a menaquinone biosynthesis enzyme, for inhibitory effects against the Sau
MenD and for effects on growth and biofilm formation of Sau, and 2) identifying additional enzymes
within the menaquinone biosynthesis pathway that could be drug target candidates.Results of this
work show that the natural inhibitor of the TB MenD, 1,4 dihydroxy-2-naphthoic acid, binds to and
inhibits Sau MenD. Treatment of Sau strains with this compound inhibited their growth and increased
their biofilm formation. Several synthetic inhibitor compounds were also identified that negatively
affect Sau growth. Furthermore, successful x-ray crystallography experiments have led to a
collection of Sau MenD structures that will be useful for structure-based drug design.Additional
menaquinone biosynthesis enzymes were identified in the Sau genome and one of these candidates
has been successfully produced facilitating future work to determine its suitability as a drug target
candidate for Sau.    
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The bacterium Staphylococcus aureus is an opportunistic human pathogen causing a range of serious health issues, 


from common skin infections to infections associated with surgical implants like hip replacements, to heart, bone and 


blood infections, toxic shock syndrome and pneumonia. One major challenge in treating S. aureus infections is the 


bacterium’s ability to establish long-term persistent and naturally resistant infections, they have a remarkable range of 


strategies that help them persist on and in the body with  an ability to regulate when they live singly or communally in 
bacterial biofilms.  There is also an increasing number of strains (for example MRSA) that are resistant to most 


currently used antibiotics.  


 


This study focused on understanding the role of menaquinone biosynthesis in survival and biofilm formation of the 


human pathogen Staphylococcus aureus (Sau).  Menaquinone (vitamin K2) is a small molecule vitally important in 


electron transport in a range of pathogenic bacteria. While menaquinone is made by bacteria humans cannot make it 


themselves, making the bacterial biosynthesis pathway enzymes interesting targets for drug discovery. 
 


The goals of our work were two-fold;  


(1) To test small molecule regulators and synthetic inhibitors of the Mycobacterium tuberculosis (TB) MenD, a 


menaquinone biosynthesis enzyme from the tuberculosis causing pathogen, for inhibitory effects against the 


Sau MenD enzyme and for effects on the growth and biofilm formation of different strains of Sau.   


(2) To analyse the menaquinone biosynthesis pathway in Sau and identify additional enzymes within the pathway 


that could be drug target candidates.  


 
This is the final report that dates our progress across the project from its commencement in February 2019 when we 


recruited Dr Tamsyn Stanborough to the CMRF-funded role. 


 


Progress for goal 1 
a) Testing the impact of small molecule regulators on bacterial growth and biofilm formation  


Dr Stanborough has tested the effects of 1,4 dihydroxy-2-naphthoic acid (DHNA), the natural regulator of the 


TB MenD enzyme, on the growth of multiple Sau strains including clinical and MRSA strains. She found that 


this compound inhibits Sau growth and observed differences in the susceptibility of the strains (Figure 1). Dr 
Stanborough was able to rescue growth of DHNA-treated Sau strains by supplementing their growth media 


with menaquinone, the end-product of the enzyme pathway we are inhibiting. She has also looked at the 


effect DHNA has on biofilm formation at a range of concentrations, revealing that treatment of the strains with 


this compound increases biofilm formation (Figure 2).  


 


As the mode of action of inhibitors has implications for clinical efficacy, Dr Stanborough also investigated 


whether the compound kills Sau bacteria (bactericidal) or halts their growth (bacteriostatic). Her preliminary 
results suggest that at sufficiently high concentrations, DHNA has a bactericidal effect on Sau.  


Dr Stanborough has expanded this work to the testing of synthetic inhibitor candidates and trained our PhD 


student in the screening method. This student identified several compounds that negatively affect growth of 


Sau strains and observed differences in the sensitivity of each strain to these compounds.  
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Figure 1. DHNA treatment inhibits growth of four Sau strains. In contrast, growth of the control strain Pseudomonas 
aeruginosa that does not have a MenD enzyme is unaffected. Supplementation of the growth media of DHNA-treated 
Sau strains rescues their growth.  


 


b) Testing the impact of small molecule regulators against the Sau MenD enzymes.  
Dr Stanborough successfully produced and purified the Sau MenD enzymes from two different Sau strains 


(TUM9463 and ATCC 25923). These strains were chosen for analysis due to the difference in their response 


to the DHNA regulator and the number of mutations between the MenD enzymes of each (7 amino acids 
differences). Inhibition and binding assays for both Sau MenD enzymes with DHNA were established and 


optimised. It was discovered that the natural regulator for the TB MenD enzyme can also bind to the Sau 


MenD enzymes, albeit with a lower affinity. Moreover, DHNA inhibited activity of the Sau MenD enzymes with 


an IC50 of ~ 4uM for 0.4uM of both proteins. Thus, both Sau MenD enzymes are sensitive to inhibition by 


DHNA. In order to identify the regions most important for the interaction with this allosteric regulator, a range 


of mutant Sau MenD enzymes were generated and their ability to be inhibited by DHNA was measured. Two 


of these mutants showed reduced ability to be inhibited by DHNA, confirming that the location of the 


regulatory region in TB MenD is conserved in Sau MenD. 


Figure 2. DHNA treatment increases biofilm 
formation of the Sau strains. In contrast, biofilm 
formation of the control strain Pseudomonas 
aeruginosa that does not have a MenD enzyme is 
unaffected.   
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These results are significant because based on sequence conservation between the TB and Sau enzymes 


alone, it was unclear if the Sau MenD enzymes would be regulated by DHNA. Now we have proven that the 


regulatory region is conserved in Sau MenD, we can focus on targeting this region of the enzyme for inhibitor 


design. To that end, Dr Stanborough has trained our PhD student in these methods. This student is 


undertaking tests with the synthetic inhibitor candidates provided by collaborators and comparing their effects 


on Sau and TB MenD enzymes.  


 
In addition to the inhibition and binding assays, both Sau MenD enzymes and a range of mutants were 


crystallised and their structures solved in their inhibitor-free forms (Figure 3). Due to the COVID-19 


shutdowns in NZ and at the Australian synchrotron, the last of this data was obtained only recently (end of 


Nov 2020) and we are currently completing these structures for deposition in the protein databank and 


publication. These structures not only assist our understanding of how the Sau MenD enzymes are regulated, 


but will enable a repository of structures for use in structure-based drug design. 


Progress for goal 2 
After conducting in silico analyses of the pathway, Dr Stanborough has identified several Sau menaquinone 


biosynthesis enzymes that would make interesting drug targets. We have cloned two of these gene 


candidates and undertaken initial protein production trials using the cloned genes. A large amount of pure 


protein was produced for one of these - the MenI enzyme that acts towards the end of the menaquinone 


biosynthesis pathway, producing the DHNA regulator that inhibits the MenD enzymes. We are currently 


working to characterise the structure and activity of this enzyme to see if it would be a suitable candidate for 
inhibition screening work.   


 


Publications and presentations 


An earlier portion of this work was presented at a several conferences (QMB, Infectious Diseases Symposium in Sept 


2019 and NZIC Meeting in Nov 2019). Due to COVID-19, no additional presentations were given in 2020, though it is 


anticipated the rest of this work will be presented at future conferences. This work is currently being finalised and will 


be written up into a publication that will be submitted to a journal in 2021.  


Figure 3. Atomic structure of the tetrameric Sau 
MenD enzyme with co-factors ThDP (shown in stick 
form) and Ca2+ (red ball) bound in each of the four 
active sites.  
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5. Feedback
Dr Stanborough and I have greatly appreciated the support from the CMRF in this project. As a new
lecturer who came back to my home town of Canterbury in 2018 to take up a role at the University it
has been amazing support to my research to have support from the CMRF to develop my research
and establish my research laboratory at UC. Infectious diseases is of increasing concern and it has
been incredibly valuable to have this support to research in this area. In addition having Dr
Stanborough join my laboratory funded by the CMRF has enabled us to train a number of new
research students in areas of her expertise thus contributing to the development of Canterbury's
next generation of medical researchers. Thank-you.
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