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I’m on the plane from Singapore to Christchurch, on my way back 
from a Company of Biologists Conference in the UK, and an 
associated tour of Europe (Belgium, Sweden, France, UK). As we all 
know, international trips are pretty important for us NZ-based scientists 
– without travel, we risk falling behind our colleagues and 
competitors, and can easily lose touch with the most exciting science 
being done elsewhere.  
 
Almost everyone I talked to while in Europe is troubled by the same 
concerns – there’s not a lot of money to do the most interesting 
science, and we’re being shepherded into more trivial ‘mission-led’ 
science. Of course, from our perspective in NZ, Europe appears 
awash with cash! I have been thinking about what I’ve been hearing 
from my colleagues, and what it means for us in little old NZ. That got 
me thinking about the raison d'être of the NZSBMB. 
 
I therefore want to address three things in this column: the tension 
between bureaucratic directives and science, creating the freedom 
to do the best science, and the future of NZSBMB. 
 
We in NZ, and – as far as I can tell – pretty much everyone else in 
science in Australia, Europe and North America, are being subjected 
to grand initiatives like the 
National Science Challenges, 
and Institution-level pressures to 
bring in more external funding. In 
other words, there is pressure for 
us to bend our research to the 
expectations of non-researchers. 
I personally think that this creates 
the conditions for certain kinds of 
‘yes-minister’ science to flourish. 
Some of that kind of research is 
no doubt useful, but it risks stifling 
innovation. One interesting 

President’s Column: status quo is 
rockin’ all over the world 

President’s Column 

contents 

Custom Science NZSBMB Award 
Article: (Mostly-) Directed Evolution 

1 

3 

4 

Southern Blot is published in 
March, July, and November. 
Editor: Miriam Sharpe. 
If you have any meetings to 
promote, or articles, 
opinions or other ideas of 
what you would like to see 
published here, please 
email: 
miriam.sharpe@otago.ac.nz 

6 

Caption Competition Results 

12 

13 

Meet the Scientist: Anthony 
Poole 

ComBio 2015 

19 

The Newsletter of the New Zealand Society for Biochemistry 
and Molecular Biology 

NZSBMB Student Travel Awards: 
Conference Reports  

Feature Article: CoA Regulation 
and Metabolic Control 

18 ICCPB 2015 

17 Queenstown Research Week 2015 



!2 Southern Blot    March 2015 

2

comment made to me recently by a friend in a senior 
role in a Big Pharma company was that, “What 
governments think industry wants and what industry 
wants are not the same thing.” We in academia are 
being encouraged, through shifts in public funding, to 
undertake near-to-market research that will, in the 
space of 2-year grants, lead to ‘The Next Big Thing’. 
This will magically transform the economy, and, once 
that happens, it will be clear that all that was needed 
was for scientists to put on entrepreneurial hats, and, 
voilà! — we have a brand new innovation economy! 
My colleague says that, by the time research is that 
close to market, the work has been de-risked, and 
many companies are already on it (and can do it 
much quicker than in an academic environment). The 
point is that, industry isn’t that keen to invest in high 
risk or early discovery work. Basic research is vital, but 
as the pathway (when there is one) to application 
isn’t yet clear, industry likes the fact that academic 
environments are willing to do this kind of research, 
and do it well.  
 
I am in the fortunate position of having what some 
might call ‘freedom’ money – being halfway through 
a 5-year Rutherford Discovery Fellowship, there’s quite 
a lot of scope for me to do the basic research I want, 
and to avoid some of the pressures that the rest of the 
NZ community is feeling (e.g. chasing money to do 
research you’re not that into). In that regard, I’m 
extremely fortunate. While we all agree there should 
be more of that kind of money to go around, 
unfortunately, there isn’t, so less basic research of the 
high-risk, high reward variety can be done. A recent 
example of how we don’t know in advance if our 
basic research will lead to some disruptive new 
technology is the development of genome editing. 
No one could have predicted that fundamental 
research in molecular microbiology could lead to 
eukaryote genome editing with all its emerging 
applications (and associated concerns). I’d love to 
see a situation where there are better opportunities 
for fundamental research to be supported in NZ. But 
how do we get there? 
 
This brings me back to the UK-based charity, the 
Company of Biologists, and what NZSBMB could learn 
from them. They flew me and about 30 other scientists 

3

from across the globe to a cross-disciplinary 
conference on a very basic research topic: cellular 
origins. It was a conference conducive to presenting 
and discussing unpublished research and embryonic 
ideas in a frank and open manner. Given our travel 
expenses, the plush surrounds (think Downton 
Abbey!), and even a free bar in the evenings, this 
cannot have been cheap (they run three of these a 
year, on topics proposed by the scientific community) 
— but such conferences are invaluable. On a brisk 
walk across the beautiful South Downs, I took the 
opportunity to talk to one of the people from CoB 
about how they can afford to fund such fantastic 
conferences. They of course publish a number of well-
regarded journals, which provides CoB with an 
ongoing source of income, but they have also been 
very successful at investing their money. It’s this 
investment that has paid off in terms of providing the 
capacity to give back to the scientific community. 
 
Our challenge is always that NZ is small, and we don’t 
feel we can do the same things as in other countries – 
a standard response is that there’s never that kind of 
money sloshing around. NZSBMB currently provides 
modest support for student conference travel, and 
provides a bit of sponsorship for a few events such as 
conferences. That’s great, but wouldn’t it be fantastic 
if we had a national NZSBMB postdoc fund, or could 
fund meetings like the ones the Company of Biologists 
run in the UK?  
 
Our current strategy has been good in terms of 
keeping existing modest support for our community 
going, but are we building anything new? We have a 
decent amount of money squirreled away in a term 
deposit, which means the money is (relatively) safe 
and accrues a small amount of interest, but that 
interest is insufficient to cover current annual 
expenses. A big dilemma is that we a have skewed 
and patchy membership, and our capacity to 
continue our modest initiatives is driven by recruiting 
new and retaining existing members. That in turn is 
largely dependent on how good a local NZSBMB 
member is at guilt-tripping people down their corridor 
into becoming new members. (Confession: that’s how 
I became a member.)  
 
It’s also telling that the previous President and I are 
both mid-career researchers. You might say we’re up-
and-coming leaders (if so, thanks for the flattery), but 
the truth is, it’s hard to attract people to the senior 
roles in the Society. I’ll be blunt and say that most 
people will do it if it helps their CV – people at my 
stage in their career might value that extra line on our 
resumé, but more senior scientists perhaps don’t need 
it. In three years’ time, I don’t want to be going round 
trying to guilt trip someone to take over the 
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presidency (or any of the other roles in exec for that 
matter). That difficulty should be viewed by active 
members as a worrying sign, a canary in the mine: if 
we struggle to maintain a strong leadership, the 
Society could just fade away. Perhaps some think the 
Society is already going that way. 
 
I’d rather we strive for an alternative future. In three 
years from now, I want people to be queuing up for 
the Presidency. I therefore think that stockpiling 
modest amounts of cash in a term-deposit won’t cut 
the mustard. We need to think boldly about what we 
want to do, and think about how to increase our 
capital so as to make it a reality. Only in that way will 
NZSBMB be something more than a source of a minor 
subsidy for conference registration or a way to 
subsidise the expenses of a small number of students 
going to conferences. These things are great, but if 
we genuinely want to support molecular-based 
research, we need to do better! 
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So, in summary, our challenge is to avoid being stuck 
in a holding pattern (or worse, sitting on the Dragon’s 
horde) – to do that, we need to take some risks. I 
therefore want to ask three things of the community: 
 

1. Tell me what you think NZSBMB should be 
aspiring to be 

2. Give me input and advice on how to grow our 
financial base 

3. Pay your subscriptions (or at least tell me what 
would make you want to do so) 

 
 
You can reach me on email: 
anthony.poole@canterbury.ac.nz  
(or give me a call if you like!) 
 
Looking forward to hearing from you! 
 
Ant 
 

Caption Competition: 
Results 
 
In the last issue of Southern Blot we asked 
for captions for this photo of former 
President Wayne Patrick (left) and 2014 
NZSBMB Meeting Oral Competition 
prizewinner Nick Palevich.  
 
Here are the top three entries for last 
issue’s competition. Thanks to all those who 
sent us their bright ideas. 

 

"Wayne'has'second'thoughts'about'a'live4action'ligase'demonstration"!
Rory Little 

"Would'you'believe'that'the'one'that'got'away'was'this'long?"'
Peter Stockwell 

"So'what'is'it'*exactly*'that'you'do'in'Serbia?"!
Wayne Patrick 

Reminder: Subscriptions for the 2015/2016 year are now due! 
Subscription options: 

Full member (one year membership) $50.00 
Full member (five year membership) $250.00 
Student member (one-time payment, member until graduation) $75.00 

See http://nzsbmb.science.org.nz/join-us.html for more details. 
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Describe your research in one sentence. 
 
Unravelling the origin and early evolution of life using 
using molecular biology and bioinformatics. 
 
What gets you up in the morning?  
 
This morning it was the alarm on my phone (at 5am!), 
but I’m motivated by the opportunity to work on – 
and introduce students to – one of life’s grand 
questions: how did life on Earth originate? 
 
What are you doing right now? 
 
I’m sitting on the Arlanda airport train in Stockholm – 
I’m off to the Institut Pasteur in Paris. Would you 
believe that Arlanda Airport has eduroam? The 
Swedes think of everything – if anyone in the 
Government is reading this, please put eduroam in 
the airports in NZ, it will double researcher 
productivity! 
 
Do you know your h-index? 
 
Yes, I do. I have a Google Scholar profile that I check 
far too often, and I’m now trying to ignore it. It’s not 
something one has control over, and it’s a limited 
metric with which to evaluate one’s own work or the 
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work of others. That said, Scholar profiles are a great 
way to see what other people have published – 
everyone should set one up! 
 
What bit of research has caught your eye recently? 
 
I’ve just been at a Company of Biologists conference 
in the UK where a group from Uppsala University in 
Sweden presented what looks like a new phylum of 
Archaea. They have sequenced the genome from an 
environmental sample, and it appears to carry a lot of 
genes that one typically finds in eukaryotes. I’m really 
looking forward to seeing the paper in print! 
 
How did you get into science?  
 
As far as research goes, that was thanks to David 
Penny. He ran a fascinating class on molecular 
evolution during my Honours year at Massey 
University. One day, he came into class with a 
screwed up scrap of paper with some barely legible 
writing on it and said, “This is one of your exam 
questions. You can answer it as one of four questions 
or you can do the whole three-hour exam on just this 
question.”  
I can’t remember the exact wording, but it was to do 
with the RNA world, the idea that before DNA and 
proteins evolved, RNA was both genetic material and 
main biological catalyst. Only two of us took up the 
challenge (the other was Dan Jeffares, now at UCL). 
At the end of the exams, David had us hooked, so 
Dan and I spent the summer avoiding paid work and 
instead working on trying to take our exam answers to 
the next level. It took us three years before we got our 
first papers out (not helped by geography – I moved 
to Tokyo and Dan was working in a CRI), but it was 
worth it – those papers set up my career! 
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Apply for the next NZSBMB travel award round  

Do you want support for your 
next conference overseas? 

Student Travel Awards are available to support travel to any international conference. Awards are up to 
NZ$1000 each, and are intended to assist post-graduate students to attend their first conference outside New 
Zealand. There are two rounds of student travel awards each year. 
 
In addition, we are now offering the Early Career Travel Award. This is in conjunction with the Biochemical 
Society (UK), and it is open to student members, as well as early career researchers (0-3 years post-PhD). These 
awards are specifically to enable attendance at Harden Conferences or Focused Meetings of the Biochemical 
Society. 
  
Details of the awards, and the application form, are available at http://nzsbmb.science.org.nz/awards.html. 
  
Completed application forms and letters of recommendation should be emailed to the Secretary, Dr. Kerry 
Loomes (k.loomes@auckland.ac.nz).  

Students and New Post-docs!  
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What would you have done if you didn’t go into 
science? 
 
At one point I wanted to be a dentist. That was mostly 
motivated by what seemed to exorbitant pay, very 
few hours of work, and lots of time to play golf. 
However, it soon dawned on me that I’d be bored by 
looking in peoples’ mouths, and I’m not that bothered 
by golf. 
 
What do you consider to be the highlight of your 
career so far? 
 
No idea really. I’m actually looking forward to this 
year – we have some really exciting results that we’re 
looking to submit where we’ve been using microbial 
experimental evolution methods to study how 
molecular processes originate. I’m particularly excited 
by the fact we’ve managed to evolve a form of RNA 
editing in the lab - just a few control experiments 
away from submission now! 
 
If you were stranded on a desert island, what three 
biochemicals and/or biochemists would you want 
with you? 
 
There’s an easy way off a desert island. Three scientists 
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– a PhD student, a postdoc and a Professor – discover 
an old lamp. They wish to take some surface samples 
to see what the lamp has been used for (they are 
thinking it was probably gravy), so the junior member 
of the team (the PhD student) is tasked with taking a 
swab. He gives it a rub, and, lo and behold, a genie 
emerges.  
 
The genie says to the three scientists, “You have 
woken me from a slumber of 1000 years. I am bound 
to give whomever wakes me three wishes.” The PhD 
student is excited as it was he who rubbed the lamp, 
and asks for the first thing that pops into his head, “I 
would like to be on a desert island with a pina colada 
in my hand!” The genie says, “Your wish is my 
command!”, there is a clatter as the lamp falls to the 
floor, and the PhD student vanishes. The postdoc, who 
has a bit more experience, picks up the lamp and 
asks, “I’d like to be on the same desert island as my 
friend, with a pina colada in my hand and a pretty girl 
by my side.” Again, the genie says, “Your wish is my 
command!” and the postdoc vanishes as the lamp 
clatters to the floor. The Professor then picks up the 
lamp. She places it carefully on the lab bench, fixes 
the genie in the eye, and says, “I want those two 
back in the lab by lunchtime!” 
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(Mostly-) Directed Evolution:  
Engineering Bacterial Nitroreductases as Tools for 
Cancer Gene Therapy and Cell Biology  

Associate Professor David Ackerley 
Victoria University  

2014 Winner of the Custom Science NZSBMB Award for Research Excellence  

Feature Article 
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Background: Nitroreductases and nitro-compounds 
are really pretty cool 

Addition of a strongly electron withdrawing nitro (-
NO2) substituent to an aromatic ring can profoundly 
change the properties of the molecule as a whole. 
This strategy has been exploited widely in prodrug 
design, by using nitro groups to ‘steal’ electrons away 
from other highly reactive substituents, thereby 
rendering them relatively inert (Siim et al, 1997). 
Subsequent four- or six-electron reduction of the nitro 
group, to a hydroxylamine (-NHOH) or an amine (-
NH2), effectively flicks an electronic switch that pushes 
electrons back into the ring, unleashing the reactive 
substituent (Figure 1). 

Mammalian enzymes capable of reducing nitro 
groups tend to do so via successive one-electron 
transfers, generating a nitro radical intermediate (Siim 
et al, 1997). If present at even quite low levels, 
molecular oxygen can quickly swoop in and steal the 
spare electron, establishing a futile cycle and 
preventing the reduced end product(s) from being 
achieved (Figure 1). This scenario has allowed 
medicinal chemists to design nitroaromatic prodrugs 
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that are only activated in hypoxic tissues, a pathology 
characteristic of solid tumours, which typically have 
profoundly impaired vasculature (Brown and Wilson, 
2004). NZ researchers (in particular at the Auckland 
Cancer Society Research Centre) are pioneers and 
world leaders in designing these hypoxia targeting 
prodrugs. 

In contrast with the mammalian enzymes, members of 
a number of bacterial nitroreductase families reduce 
substrates via pairs of electrons that are transferred 
more-or-less simultaneously (Roldán et al, 2008). This 
mechanism avoids formation of a nitro radical, and 
renders the enzymes pretty much immune to the 
electron-snaffling proclivities of oxygen (Figure 1). 
What are the implications of this? Well, one is that it 
has been possible to design certain nitro-prodrug 
antibiotics that specifically target bacterial 
nitroreductases. Another, more complex, is that if a 
bacterial nitroreductase can be selectively delivered 
to a target tissue (e.g., via gene therapy), then that 
tissue will become sensitive to a slew of nitro-prodrugs 
that have undergone independent clinical validation 
as antibiotic or anti-hypoxia agents (Denny, 2002). This 
capability has been exploited in two main areas of 

Figure 1: Mechanism of activation of nitroaromatic prodrugs. Mammalian nitroreductase enzymes reduce the strongly electron withdrawing 
nitro substituent predominantly via successive one-electron transfers. In the presence of molecular oxygen this results in a futile cycle (red 
arrows) that prevents the 2, 4, or 6 electron reduced nitroso, hydroxylamine or amine species (latter not pictured) from being achieved. In 
contrast, certain bacterial nitroreductases catalyse two-electron transfers that allow the reduced end-product(s) to be achieved, 
independent of the oxygen status of a cell. (Drawn by Jasmine Chan-Hyams.) 



!7 Southern Blot    March 2015 

3

research to date – anti-cancer gene therapy, and 
targeted cell ablation in developmental and 
regenerative biology models. 

Boy meets nitroreductase 

The name nitroreductase is somewhat misleading, 
describing a capability rather than a likely biological 
role. While nitro-compounds in nature are few and far 
between, nitroreductases are ubiquitous – in my 
experience most bacterial species contain 
orthologues of one or more known nitroreductases – 
and it is generally accepted that nitro-reduction is not 
their primary biological role (Roldán et al, 2008).  
However, what these enzymes actually evolved to do 
is generally unclear. Most of the oxygen-insensitive 
nitroreductases are homodimeric flavin (usually FMN) 
containing oxidoreductases that accept electrons 
from NADH and/or NADPH, and pass them on to a 
wide variety of substrates. In some bacteria the 
substrates include free flavins, which are used to 
power bioluminescence reactions (Roldán et al, 
2008). More usually though, these oxidoreductases 
are believed to play roles in quinone homeostasis 
and/or antioxidant defence, with additional activities 
such as nitro-reduction being largely promiscuous 
(Roldán et al, 2008; Green et al, 2014). 

My first encounter with nitroreductase enzymes, as a 
postdoc at Stanford 2001-2005, resulted from an 
interest in their (likely also promiscuous) ability to 
reduce heavy metal substrates. Armed with funding 
from the US Department of Energy and a NZ 
Foundation for Research, Science and Technology 
(remember them?) postdoctoral fellowship 
(remember them?), I set about engineering bacteria 
for improved chromium reduction. Hexavalent 
chromium – the environmental pollutant the heart of 
the Erin Brockovich lawsuit and ensuing movie – is 
readily taken up by cells, highly toxic and 
carcinogenic, and extremely water soluble so difficult 
to contain. In contrast, trivalent chromium is insoluble 
and relatively non-toxic, so enhancing enzymatic 
reduction provides a plausible pathway toward 
improving bacterial bioremediation. Er, provided you 
don’t see field release of genetically engineered 
bacteria as being any kind of an issue. 

Suffice it to say that chromium pollution is one trillion-
dollar problem that I haven’t yet cracked. 
Nonetheless, from a personal perspective two 
important outcomes of my postdoc were (i) that I 
became convinced by the power of directed 
evolution for enhancing enzyme activity (i.e., random 
mutagenesis at a single gene level followed by 
screening or selection of improved variants); and (ii) 
that I got a brief taste of how the same types of 
oxidoreductase enzymes I had been evolving for 
improved chromium reduction might also be useful in 
activating nitroaromatic prodrugs for cancer gene 
therapy. When I arrived back in NZ in 2006 to establish 
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my own research lab, a primary goal was to develop 
methods to effectively integrate the two concepts. 
Enhancing the ability of nitroreductases to activate 
prodrugs was certainly likely to improve clinical 
outcomes – e.g., a recent gene therapy trial had 
shown that in patients the maximum achievable 
plasma concentration of the prodrug (5-[aziridin-1-yl]-
2,4-dinitrobenzamide, or CB1954) was only ~1% of the 
KM of the activating nitroreductase (NfsB from 
Escherichia coli), meaning that prodrug conversion in 
vivo would have been very inefficient (Patel et al, 
2009). Even so, a measurable response was observed 
in 3 of 11 patients (Onion et al, 2009). 

Discovery and engineering of nitroreductases for 
cancer gene therapy 

The most immediate hurdle in attempting to screen E. 
coli expression libraries to identify cells expressing 
improved prodrug-activating nitroreductases is that 
the gene variants you most want are the ones that 
are most effective in killing their bacterial host. By 
2006, the only published directed evolution study that 
had aimed to improve prodrug activation by a 
bacterial nitroreductase (E. coli NfsB) had used this 
phenotype as the basis of a replica-plating screen, 
detecting clones that had enhanced sensitivity to 
CB1954 (Grove et al, 2003). The very low-throughput 
nature of this screen had limited the number of clones 
examined to a few thousand; nevertheless, a variant 
of NfsB was recovered that was approximately five-
fold more effective than the wild type enzyme at 
sensitizing its E. coli host to CB1954. Inspired by the 
effectiveness of the general approach, but keen to 
improve throughput, I set about testing possible 
methods that might enable a larger number of 
nitroreductase variants to be screened. 

The types of prodrug I was most interested in were all 
nitro-quenched DNA damaging agents, which got 
me thinking that it might be possible to adapt a cell-
based assay I had used to evaluate chromium 
genotoxicity during my postdoc. In its original form this 
system (named the “SOS chromotest”) uses an E. coli 
reporter strain, carrying a lacZ gene under control of 
a DNA damage responsive promoter, to quantify 
levels of genotoxic stress induced by test compounds 
(Quillardet et al, 1982). Two of my founding lab team 
members, Janine Copp and Gareth Prosser, showed 
that candidate genes could be expressed from a 
plasmid and their relative levels of nitroreductase 
activity assessed quite accurately in what we termed 
SOS assays (Figure 2). These gave us sufficient 
throughput to start building a decent sized library of 
candidate nitroreductases, PCR amplifying them out 
from the genomes of sequenced bacteria, and 
interrogating the activity of the encoded enzymes 
with different prodrug substrates – a process that 
made it fairly clear E. coli NfsB was far from the most 
promising nitroreductase out there for gene therapy 
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applications, and that the near-exclusive focus of the 
field on this enzyme was as much a quirk of history as 
anything else (Prosser et al, 2010; Prosser et al, 2013). 
For this alone, the SOS assay had proved a valuable 
tool. However, it wasn’t until we replaced the lacZ 
reporter gene of the original SOS chromotest strain 
with a GFP reporter, and made a few tweaks like 
knocking out the endogenous genes that had 
discernible nitroreductase activity as well as a pesky 
drug efflux pump, that we really came close to the 
kinds of high-throughput screening capabilities we 
had been seeking. After quite a lot of optimisation we 
showed that this strain could be used to successfully 
recover the cells expressing more active 
nitroreductase variants within a mixed pool by 
fluorescence activated cell sorting (FACS)(Copp et al, 
2014a). 

During this time we also established a long-lasting 
collaboration with cancer biologist Adam Patterson 
and medicinal chemist Jeff Smaill at the ACSRC, 
under the wider umbrella of the Maurice Wilkins 
Centre for Molecular Biodiscovery, providing us with 
access to all manner of exciting nitroaromatic 
molecules and stimulating ideas. Probably our most 
important directed evolution campaign to date has 
centred on the ACSRC prodrug PR-104A, originally 
developed as a hypoxia-targeting (i.e., gene therapy 
independent) prodrug in work led by Professors Bill 
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Denny and Bill Wilson (Patterson et al, 2007). PR-104A 
was taken through to Phase II clinical trial by the 
University of Auckland spin-out company Proacta Inc., 
and we reasoned that repurposing of this prodrug for 
cancer gene therapy would allow us to leverage the 
Phase I safety data previously generated around this 
molecule – that is, one less component of a 
potentially quite expensive multi-component therapy 
to have to finance, should our work reach clinical 
trials. Moreover, and of more immediate relevance, 
PR-104A and related dinitrobenzamide mustard 
prodrugs offered substantial advances over CB1954 in 
terms of dose-potency and bystander effect 
(Jameson et al, 2010; Liu et al, 2008; Singleton et al, 
2007; Wilson et al, 2007) – the latter being the ability of 
the activated drug to diffuse to and kill neighbouring 
untransfected cells as well as the cells expressing a 
delivered nitroreductase (Figure 3). With transfection 
efficiencies unlikely to exceed 10% of the cells in a 
tumour using even the most effective gene therapy 
vectors, a good bystander effect is pivotal to the 
success of most enzyme-prodrug therapies (Denny, 
2001; Dachs et al, 2009). 

We didn’t have to go very far to find our lead 
nitroreductase for directed evolution, with SOS-
screening and prodrug sensitivity testing having 
revealed that NfsA from E. coli was one of the most 
effective PR-104A activating nitroreductases in our 
collection. As this enzyme had the added benefit of 
its crystal structure having previously been solved 
(Kobori et al, 2001), we decided to take a two-
pronged approach toward evolving more active 
variants, employing both: 1) An error-prone PCR 
(epPCR) strategy to sprinkle mutations at random 
throughout an amplified nfsA gene library (Copp et 
al, 2014b); and 2) A structure-guided randomisation of 
12 predicted active-site or substrate channel residues, 
individually converting each target codon to the 
degenerate codon NNK, and thereby creating a 
small library of 32 possible gene variants that 
comprised all twenty amino acid coding possibilities 
and only one stop codon per library (Williams et al, 
2014). Post PR-104A challenge, the epPCR libraries 
were screened in high-throughput via FACS recovery 
of the most green-fluorescent E. coli host cells, which 
were then re-screened to identify the most active 
clones; while the smaller targeted NNK libraries were 
individually screened using our lower throughput but 
more accurate lacZ SOS reporter strain. Ultimately 
these efforts, combined with some follow up work to 
tease apart multiple-residue mutations generated 
during the epPCR process, led to identification of 
beneficial mutations at eight residue positions. 
Reassuringly, mutations at three of these positions 
were recovered via both the epPCR and the 
targeted mutagenesis strategies, providing some 

Figure 2: Prodrug activation assays in an SOS reporter strain. Over-
expression of nitroreductases able to activate a prodrug to a 
genotoxic form results in DNA damage and activation of the E. coli 
SOS response. The strength of the response can then be quantified, 
in this example by β-galactosidase assay. (Reproduced from Prosser 
et al, 2010 with permission from Elsevier.) 
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internal validation of our process. 

It is well established that not all beneficial single 
residue alterations “play nicely together” – while 
others can, in combination, provide additive, or even 
synergistic benefit (e.g., Reetz et al, 2009). To 
ascertain the most beneficial combination of 
mutations for PR-104A activation we designed and 
ordered an artificially-synthesised nfsA gene library, 
choosing degenerate codons that would specify 
either the wild type NfsA residue or one or more 
beneficial alternatives at each of the eight target 
residue positions we had identified. This resulted in a 
library of 512 possible gene variants that we then 
screened in 96-well plates (to an estimated 95% 
coverage) to recover the most effective PR-104A 
activating “multi-mutant” nitroreductase. This work is 
not yet published, but without going into specific 
details I can say that our top evolved variant 
consistently outperformed wild type NfsA in PR-104A 
cytotoxicity assays performed both in E. coli and 
across a range of stably-transfected human tumour 
lines. 

In other work we have shown that NfsA is able to 
activate additional substrates of relevance to gene 
therapy. These include: 1) PET imaging probes that 
can be labelled with 18F, and which have potential to 
confer the unprecedented ability to image the 
location of nitroreductase-labelled tumour-targeting 
vectors within a patient’s body by positron emission 
tomography; and 2) nitro-prodrug antibiotics that 
offer a means of cleanly eliminating nitroreductase-
labelled vectors with no bystander effect, i.e. without 
causing systemic toxicity in patients. Pleasingly, 
although we had not specifically selected for 
improvement in these activities, our top evolved 
variant was at least comparable and generally 
superior to wild type NfsA with all these substrates in 
both bacterial and stably-transfected human tumour 
assays. 
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Misdirecting evolution 

More recently, Jeff Smaill and Adam Patterson have 
been rolling out some third generation prodrugs that 
may offer substantial improvements over even PR-
104A for enzyme-prodrug cancer gene therapy. 
Particular features of these new lead molecules 
include iteratively optimised physicochemical 
properties to improve pharmacokinetics and minimise 
off-target activation in vivo; and heightened 
bystander effects. Great! Unfortunately though, these 
new molecules have proven quite problematic for 
directed evolution. One particular hitch we have 
recently identified is that the enhanced bystander 
effects seem to promote “systemic toxicity” in our 
bacterial cultures. That is, as the bystander effect 
increases, the activated prodrug becomes less and 
less likely to cause DNA damage in the cell that 
actually activates it; and more likely to induce the 
SOS response in a cell that does not contain an 
improved nitroreductase. This confounding effect has 
negated our ability to use FACS to recover evolved 
variants.  

Instead we have been trying another tack, something 
I refer to as “misdirected” evolution. This is a strategy 
that lies part way between regular directed evolution, 
where you evolve specifically for activity with your 
desired substrate; and neutral drift, where activity with 
your primary substrate is too difficult to screen 
efficiently, so you instead employ a high-throughput 
screen for an entirely different activity – this enables a 
large amount of genetic diversity to be introduced 
without your library becoming dominated by entirely 
inactive enzymes (Bershtein et al, 2006). Our in-
betweenish approach stems from our recent 
discovery of a couple of nitroaromatic substrates that 
act as “anti-prodrugs” – that is, they are toxic to E. 
coli, but can be detoxified by nitro-reduction. With 
the exception of the nitro group these molecules bear 
little structural relationship to our target prodrugs, so 

Figure 3: The GDEPT bystander effect. The bystander effect is when cells within the immediate proximity of a prodrug-activating cell also 
experience cytotoxic effects from the activated drug. A. A tumour cell expressing a transfected nitroreductase gene (red nucleus) 
converts a non-toxic prodrug into a toxic form.  B. The activated prodrug metabolite can then enter adjacent tumour cells, via either active 
or passive transport.  C. The activated drug kills tumour cells that were not expressing a transfected nitroreductase. (Drawn by Rory Little.) 
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cannot be viewed as analogues in any conventional 
sense. Nevertheless, they have allowed us to 
generate substantially mutated gene libraries and 
then eliminate the 95-99% of variants that no longer 
encode any kind of active nitroreductase. This then 
leads to a much higher hit rate in the remaining pool. 
Although still a fair way to go, this approach has 
allowed us to enjoy some early success in a difficult 
evolution campaign. 

Nitroreductases for targeted ablation in cell biology 
models 

Another area in which misdirected evolution has 
proved extremely useful to us has been in developing 
new targeted ablation tools for physiological and 
regenerative biology models. A few years ago a very 
powerful nitroreductase-based ablation system was 
described in zebrafish, using a transgenic line in which 
E. coli NfsB was expressed under control of different 
tissue specific (e.g., pancreatic β-cell) promoters 
(Curado et al, 2007). Application of the nitro-prodrug 
antibiotic metronidazole then enabled specific 
ablation of the target cells on demand – in the β-cell 
example, essentially inducing severe type I diabetes 
in the fish with complete spatial and temporal control 
(Figure 4). Metronidazole was used because unlike 
the anti-cancer prodrugs it has no bystander effect, 
so will not induce systemic toxicity (Dachs et al, 2009). 
The system has been widely adopted within the 
zebrafish research community to study both the 
physiology and repair of damaged organs (White and 
Mumm, 2013). However, it has recently transpired that 
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NfsB was again a sub-optimal choice of 
nitroreductase, having such poor affinity for 
metronidazole that near-toxic levels of the antibiotic 
must be applied to achieve effective ablation 
(Mathias et al, 2014). A quick screen of our 
nitroreductase library using our SOS reporter strains 
revealed more than a dozen alternative enzymes 
capable of sensitising cells to at least one order of 
magnitude less metronidazole than E. coli NfsB, and 
we are now testing several of those to confirm their 
superiority for targeted ablation in zebrafish.  

We have also been developing multiplex ablation 
capabilities, by engineering nitroreductases to have 
non-overlapping specificities for two different nil-
bystander prodrug substrates – i.e., so that 
Nitroreductase A will activate Prodrug A, and 
Nitroreductase B will activate Prodrug B, with 
essentially no crossover. We envisage that this will 
enable the genes encoding each nitroreductase to 
be placed under control of different tissue-specific 
promoters in the same transgenic organism, e.g. 
conferring the ability to ablate either the α- or β-cells 
of the pancreas, at a precise stage of development, 
according to whether Prodrug A or Prodrug B is 
added. We have not found any native 
nitroreductases that possess sufficient prodrug 
selectivity for this strategy to work, however we have 
shown that misdirected evolution can be a powerful 
force to improve selectivity. Essentially we just grow 
cells transformed with a mutant library in the presence 
of one of the prodrugs, and only clones that have lost 
activity with that prodrug can grow. If we also add 

Cells!expressing!a!
nitroreductase!

Specific!ablation!of!
nitroreductase!expressing!cells!

Metronidazole!

Transgenic!Zebrafish!

Phenotype!change!

Figure 4: Nitroreductase-mediated cellular ablation in zebrafish.  A. A transgenic zebrafish is created that has tissue-specific nitroreductase 
expression. When a nil-bystander prodrug such as metronidazole is administered, it is specifically converted into a toxic form in the 
nitroreductase expressing tissue (red cells). B. Phenotypic changes following the ablation can provide information on the physiological role 
of the tissue, or on the function of repair processes. (Drawn by Rory Little.) 
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one of our “anti-prodrugs” to the growth medium, 
then we can ensure that some level of generic 
nitroreductase activity is retained, and it is then just a 
simple matter of counter-screening the surviving 
colonies to identify those still sensitive to the desirable 
prodrug. 

Once we have achieved proof-of-concept for these 
new nitroreductase tools in zebrafish models, we will 
be keen to hear from anyone interested in testing 
them in their own favourite model system. For 
example, while nitroreductase mediated ablation has 
previously been tested with some success in rats, using 
E. coli NfsB in combination with CB1954 (Kwak et al, 
2007), our impression is that the poor affinity for NfsB 
for CB1954 has restricted further uptake of this system. 
Our new nitroreductases, in partnership with nil-
bystander prodrugs, will likely prove far more 
successful in larger animal models as well as small 
ones like zebrafish or Caenorhabditis elegans. 

1
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NZSBMB Student Travel Awards: 
Conference Reports 

1

Last winter I had the marvellous opportunity to take a 
break from chilly nights, attending the Gordon 
Biocatalysis Conference in the United States. It was a 
sharp contrast, leaving a South Island snowstorm and 
landing in Boston, which was experiencing 80 degrees 
Fahrenheit (whatever that is) at 1 am. My plane 
dodged a hurricane and I enjoyed a rainy Fourth of 
July, complete with recreationists in full costume, 
before making my way to Rhode Island for the 

Gordon Research Conference: Biocatalysis  
Bryant University, Rhode Island, USA 

July 2014 

Matilda Newton 
Department of Biochemistry, University of Otago 

 

2

conference. 

Gordon Biocatalysis was held at the lovely green 
Bryant University in Smithfield. We shared the campus 
and the sunshine with soccer, lacrosse and 
cheerleading summer camps. The first day and a half 
was the Biocatalysis Seminar, which was specifically 
for PhD students and early career Post Docs. It was a 
great opportunity to discuss our research and get to 
know one another a little before the scientific 
heavyweight arrived for the conference proper. As 
well as poster sessions and research talks, there was a 
future career mentoring session and an inspirational 
keynote talk from Dr. Matthew Truppo, a group 
director at Merck’s Process Chemistry Biocatalysis 
group. 

Once the main conference began we were treated 
to a large range of talks on the application of 
synthetic biology. Many groups were optimising yields 
for biofuels, novel chemistries and pharmaceutical; 
one researcher described the creation of a “time-
release foam” to aid companies with fracking. The 
keynote speaker was Prof. Frances Arnold, who spoke 
about engineering p450 enzymes towards novel 
activities; sequence space; and “Jesus enzymes”. She 
was impressive, intimidating and a great role model 
for women in science. I particularly enjoyed the talks 
about fundamental research. We heard about 
enzyme molecular dynamics during catalysis; 
screening small peptides for function using mRNA 
display; and a talk about resurrecting billion-year-old 
enzymes instigated an entertaining debate.  

I presented a poster on my PhD research, describing 
the conversion of a HisA enzyme (histidine 
biosynthesis) to a TrpF (tryptophan biosynthesis). I 
kinetically characterised a number of evolved mutant 
enzymes; probed essential regions and potential 
catalytic residues with site-directed mutagenesis; and 
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64th Annual Meeting for the American 
Society of Human Genetics (ASHG) 
San Diego, USA 
October 2014 
 
Sarah Jodczyk 
Department of Pathology  
University of Otago 
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used semi-rational design to further engineer the HisA 
active site. Despite feeling the odd one out with my 
fundamental research instead of applied, I had some 
insightful conversations and received useful advice. 

In our off hours we enjoyed Independence Day 
fireworks, the football world cup and daft lawn games 
such as “corn holing” (which I vastly enjoyed being 

4

terrible at). We endured humidity on a nature walk 
and jumped into nearby reservoir, fully clothed, to 
cool off. The New England mainstay lobster meal on 
the final night wasn’t to my taste but was still a fun 
experience! 

The conference was a really wonderful experience. It 
was really helpful to learn more about what other 

groups are up to the enzyme 
engineering and what goes on in 
industry. The seminars and some of my 
discussions helped galvanise my 
ambitions for my career post-PhD. I met 
some really wonderful people (both my 
peers and superiors) and even 
successfully networked my way into a 
post doc! Additional (non-conference) 
adventures included eating 1.5 kg of 
cherries in a day; seeing Phantom of the 
Opera live; a broken down intercity bus; 
a new gay best friend and champagne 
in a New York rooftop garden. I am 
extremely grateful for the assistance I 
received from the NZBMBS to make this 
trip possible: I had a fabulous time and 
the conference has been invaluable for 
my career in academia. 

1

The American Society of Human Genetics (ASHG) 
conference was held in San Diego, USA late last year 
from October 18-22, which I attended with my 
supervisors and a fellow lab member. This conference 
is an annual event and is the largest international 
human genetics meeting, attended by over 7,000 
delegates. The meeting consisted of numerous 
plenary sessions and platform presentations on cutting 
edge work in all areas of human genetics. This wide 
range of presentations really extended my 
knowledge of research and techniques within and 
beyond my main areas of expertise.   

Of particular interest was research from Dr Dan 
MacArthur’s group about the ‘Human Knockout 

2

project’. They are interested in the detection and 
interpretation of loss-of-function (LoF) variants which 
are genetic changes predicted to disrupt the function 
of protein coding genes. Every human carries 
hundreds of these LoF variants and so these are 
thought of as ‘experiments of nature’. They have 
aggregated exome data, which includes all of the 
protein coding regions in the genome, from 120,000 
participants and have now released these data via 
the publicly available “Exome Aggregation 
Consortium Server” (http://exac.broadinstitute.org/). 
This catalogue of all the LoF variants in the human 
genome contributes greatly to understanding the 
variability and functional significance of human 
genes, aiding exploration of studies of genetic factors 
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underlying human 
disease risk. 

I presented my 
poster entitled “No 
association 
between telomere 
length and 
exposure to life 
course stress or 
adversity in two 
longitudinal New 
Zealand cohorts”, in 
a session called 
“Psychiatric 
Genetics”. There 
were some 3,000 
posters on display 
during the four days 
of the conference, 
so the poster 
sessions were both 
busy and logistically 
challenging to fit in 
around a fairly 
packed speaking 
programme (with 6-
8 parallel sessions at 
any one time). My 
poster described my 
PhD research 
involving telomere 
length as a putative 
biomarker of life 
stress and adversity 
in two New Zealand 

cohorts 
(Christchurch Health 
and Development Study and the Christchurch Health, 
Aging and Lifestyle Cohort). Telomeres are protective 
caps on the ends of linear chromosomes. They 
shorten with each cell division, eventually reducing 
the telomere to a critical length and triggering cell 
senescence and apoptosis. Previous research 
suggests that various life stressors increase the rate of 
telomere shortening with potential impact on disease 
states and mortality later in life. However, we found 
no associations between telomere length and several 
life course stressors including childhood physical or 
sexual abuse, substance use, mental health problems, 
BMI, cholesterol levels and smoking status in either 
cohort. 

It wasn’t all work and no play in San Diego, as we 
were fortunate to have the opportunity of going out 

4

most evenings 
with several 
collaborators of 
my supervisor 
(Prof. Martin 
Kennedy). This 

included 
members of a 

Colorado 
laboratory led by 
Prof. Jim Sikela, as 
well as 
colleagues from 
Cardiff, Australia 
and even closer 
to home, with 
several genetics 
researchers from 

Auckland 
laboratories. 

These were great 
opportunities to 
meet other 

genetics 
researchers and 
peers from 
around the world. 

I have one claim 
to fame to make 
from the 

conference, 
albeit in a non-
academic area! 
A fellow PhD 
student and I 

managed to win 
title of first place 

in a candy toss for charity. This was at the DNA 
Genotek exhibit, and involved throwing candy 
through different holes that equated to different 
points. We cleaned up, with 2500 points - 800 points 
clear of second place! Our prize was a donation of 
$1,500 to the Michael J. Fox Foundation for Parkinson’s 
Research, on behalf of the University of Otago. 

Overall, as a PhD student this conference was of 
great value to me, providing me the opportunity to 
see a wide range of inspirational genetic research as 
well as allowing me to engage with scientists from 
around the world, where several new collaborations 
were made enabling me to make crucial networks for 
future research. I am very grateful to NZSBMB for 
awarding me this travel grant and allowing me to 
attend this conference.  

Sarah!Jodczyk!and!Professor!Martin!Kennedy!
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Australasian Plant Virology 
Brisbane, Australia 

August 2014 

Tracey Immanuel  
University of Auckland 

1

I attended the 11th Australasian Plant Virology 
Workshop, 2014 in Brisbane, Australia. The conference 
was attended by 107 delegates that work with plant 
viruses. The theme of the conference was “Plant 
virology in the omics era” as genomics, 

2

transcriptomics, and proteomics are becoming more 
and more important in the study of virus and virus-like 
diseases. The conference was organised into 11 
sessions held over three days. Sessions included 
research themes on virus characterization, host-
vector-virus interactions, diagnostics, biosecurity, 
epidemiology and control, viruses of field crops and 
other obligate pathogens. Each session was held in 
the same room. This style ensured complete 
participation by everyone, all of the time, and 
fostered cross-discipline learning. The conference was 
a unique opportunity to hear what experts in the field 
are currently researching now.  

My PhD research aims to understand how a special 
type of translational control in plants functions in 
response to virus infection. eIF2α phosphorylation 
translational control is an important antiviral response 
mechanism in mammals. In my talk I presented my 
research that investigates the eIF2α phosphorylation 
mechanism in response to virus infection in plants. 
Many people came and discussed my findings and 
ideas with me after my talk. Being able to discuss my 
research after presenting my talk gave others greater 
understanding of my research and so we were able 
to discuss ideas more in-depth.  

I met a range of virologists and was able to discuss 
ideas of how viruses affect plants at the molecular 
and systemic level. The conference dinner was served 
on a cruise up the Brisbane River, which enabled 
close interaction with all of the delegates. I now have 
contacts for future collaborations and employment 
opportunities that I would not have had without 
attending this conference. I really enjoyed the 
keynote speakers that gave broad overviews of their 
research. I especially enjoyed the talk given by Dr 
Stephane Blanc from France who discussed new 
insights into the biology of multipartite nanoviruses 
and the genetics of viral populations. It was very 
interesting to hear about the cost/benefit comparison 
of having a genome segmented into different 
particles. I would highly recommend this conference 
to anyone studying plant virology. 
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Queenstown Research Week 
29th August - 4th September, 2015 

Queenstown   Research   Week   (QRW)   is   New   Zealand’s   premier   annual   biological   sciences   event  
encompassing 3 major annual meetings; Queenstown Molecular Biology Meeting, Australasian Winter 
Conference on Brain Research and NZ Medical Sciences Congress, plus six additional satellite meetings on 
a diverse range of themes.  Last year QRW had nearly 1000 registrants. The week is divided into blocks 
and  participants can attend any meeting in the block for which they register.  In addition, to celebrate the 
25th anniversary of QMB meetings, any fully paid registrant at one of the 6 QMB satellite meetings will get 
free registration at the QMB and Medsci meetings.  So we look forward to seeing you at QRW2015. 

Featuring:  

New Zealand Medical Sciences Congress, 31st Aug - 2nd Sept 

Australasian Winter Conference on Brain Research, 29th Aug - 2nd Sept 

The Australasian Society of Clinical and Experimental Pharmacologists and Toxicologists, 
1st -3rd September 

Queenstown Molecular Biology Meeting (25th Annual Meeting), 31st Aug - 2nd Sept  
QMB Proteins Satellite Meeting, 3rd - 4th Sept 

QMB Computational Genomics Satellite Meeting, 3rd - 4th Sept 

QMB Digestive Diseases Satellite, 30th - 31st Aug 

National Symposium on Infectious Disease and Antimicrobial Resistance: Challenges,  
Opportunities and Successes, 30th -31st Aug 

QMB Animal Genetics Satellite, 3rd - 4th Sept 

QMB Heart Satellite Meeting, 3rd - 4th Sept 

11th World Congress on Neurohypophysial Hormones, 29th Aug -1st Sept 
 

 

Visit our completely new website for speaker lists, programmes and registration information 

www.queenstownresearchweek.org 
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!
www.iccpb2015.confer.uj.edu.pl!

!
It# is# our# great# pleasure# to# invite# you# to# the# 9th$ International$ Congress$ of$Comparative$
Physiology$and$Biochemistry.!

 

Do#not#miss#the#opportunity#to: 

• Participate# in# six# plenary# lectures# given! by! renowned! scientists,! on! subjects! ranging!
from!macrophysiology,!through!evolutionary!eco>physiology!to!neurobiology. 
 

• Present# your# research#and#exchange# ideas# on# thirty# thematic# symposia# covering! the!
areas!of!molecular!and! integrative!physiology,!chronobiology,!neurophysiology,!animal!
energetics,!stress!physiology,!and!others. 
 

• Meet#nearly#150#speakers#invited#for#the#symposia#and!many!more!who!will!join!us. 
 

• Last!but!not!least!–enjoy#Kraków,!which!regularly!ranks!among!the!top!must>visit!places!
in!Europe. 

Do#not#miss#the#deadlines: 

Registration:!Early!!–!14!April;!Regular!–!30!June;!Late!–!31!July,!2015 
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CoA regulation and 
metabolic control 

1

CoA is derived from pantothenate 

CoA is an essential cofactor in all organisms that 
functions as the major acyl group carrier in hundreds 
of reactions in intermediary metabolism. The dynamic 
regulation of the intracellular CoA level is emerging as 
a key requirement for metabolic plasticity in 
mammalian tissues. CoA is synthesized in five steps 
from pantothenate, cysteine and ATP (Figure 1). The 
first step in the pathway of CoA biosynthesis is the ATP-
dependent phosphorylation of pantothenate by 
PanK. Bacteria, fungi and plants make pantothenate, 
but animals cannot and obtain pantothenate from 
the diet as vitamin B5. PanK activity controls the entry 
of pantothenate into the CoA biosynthetic pathway 
which is the only known metabolic fate for 
pantothenate. CoA and its thioesters are degraded 
by Nudix hydrolases and vanins, and the 
pantothenate or pantetheine degradation products 
are recycled into CoA via PanK (Figure 2). 

Feedback regulation of CoA biosynthesis 

Almost all organisms share a common feedback 
inhibition mechanism to regulate the intracellular CoA 

Feature Article 

All organisms require coenzyme A (CoA) for intermediary metabolism. CoA ushers organic 
acid substrates, particularly fatty acids, through multiple reactions that supply energy, 
building blocks for membrane structure, protein modifications that alter subcellular 
interactions or activities and secondary metabolite production. Acetyl-CoA is an allosteric 
regulator of key metabolic activities that direct carbon flux. CoA synthesis from 
pantothenate is dynamic and responsive to nutritional and environmental conditions, with 
the goal of cell homoeostasis during proliferation and in support of specialized tissue 
functions. Pantothenate is the unique precursor of CoA, and the pantothenate kinase (PanK) 
family of enzymes exerts control over the amount of CoA produced. The PanKs are 
regulated co-ordinately by several mechanisms, and the complexity of CoA regulation is 
currently unfolding. Little is known about the mechanisms of CoA degradation that work 
together with biosynthesis to maintain a threshold level of cellular CoA. 

Reprinted with permission from The Biochemist, February 2015!
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concentration that was first revealed by the inhibition 

of Escherichia coli PanK by CoA and its thioesters
1
. 

Thus the cellular CoA concentration is buffered by the 
self-adjusting biochemical feedback mechanism that 
governs PanK activity (Figure 2). PanK overexpression 
in E. coli results in an 80-fold higher protein level, but 
only a 3-fold increase in the steady-state level of CoA, 
illustrating the stringency of feedback control. Single-
copy expression of an engineered feedback- resistant 
PanK in E. coli results in a significantly higher 
intracellular CoA concentration, and an accelerated 
release of phosphopantetheine into the culture 
medium. Thus the expression level of feedback-
regulated PanKs defines the upper limit for the 
concentration of cellular CoA. Bacteria express two 
other PanKs that are not closely related to the type I 
E. coli enzyme. Staphylococcus aureus PanK is an 
example of a type II PanK which lacks the 

characteristic feedback-regulation property
2
. CoA 

accumulates to higher concentrations in this 
organism, which uniquely utilizes a CoA/CoA disulfide 
reductase redox system to help support the 
intracellular reducing environment and counteract 
oxidative damage. Pseudomonas aeruginosa 
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expresses the type III bacterial PanK
3
. This isoform 

requires a monovalent cation for activity and is also 
not feedback-regulated by CoA or its thioesters. 

Most bacteria, fungi and lower metazoans have a 
single gene encoding a PanK, whereas mammals 
have three genes encoding four isoenzymes. The 
primary sequences of the prokaryotic and the 
eukaryotic PanK proteins are not homologous, with 
the exception of the S. aureus type II PanK that is 
distantly related to the eukaryotic proteins. The most 
abundant and potent feedback regulator of 
mammalian PanKs is acetyl-CoA, which functions as a 
competitive inhibitor with respect to ATP. The crystal 
structure of the PanK–acetyl-CoA binary complex 
shows the pantetheine moiety of acetyl- CoA bound 
at the pantothenate-binding site and the adenine 
ring of CoA locking the ATP-binding domain into an 

open conformation incapable of binding ATP
4
. The 

mammalian PanK1α and PanK1β proteins arise from 
differential splicing of the Pank1 RNA, and these two 
isoenzymes are the least sensitive to feedback 
regulation. PanK1β is relatively resistant to acetyl-CoA 
with a 25 µM IC

50
, whereas PanK1α has an IC

50 of 5 µM. 

PanK2 and PanK3 proteins are encoded by distinct 
genes and are more stringently regulated by acetyl-
CoA at the submicromolar range. PanK3 is also 
inhibited by the less abundant long-chain acyl-CoAs. 
Thus PanK2 and PanK3 are inhibited under conditions 
where the PanK1 enzymes are operational.  

Complexity of CoA regulation 

Mammalian cells typically express a combination of 
PanK isoforms. Tissues where PanK1 expression is the 
dominant isoform, like the liver and heart, exhibit the 
highest tissue CoA levels. Metabolic ‘activators’ 
displace the CoA thioester inhibitors from the PanK2 
and PanK3 enzymes to counteract the inhibition by 

acetyl-CoA. Both long-chain acyl-carnitine
5 and acyl-

ethanolamide
6 activate PanK2 and PanK3, suggesting 

that physiological conditions that elevate the 
concentrations of these metabolites stimulate CoA 
synthesis. Fasting liver is active in fatty acid β-
oxidation, and the elevated acyl- carnitine level 
activates PanK2/3 and CoA biosynthesis to ensure an 
adequate supply of CoA for fatty acid catabolism. 
The critical importance of this regulatory circuit is 

revealed by the inability of Pank1
−/− mice to increase 

hepatic CoA during fasting
7
. Hepatic triacylglycerol 

accumulates due to a deficiency in fatty acid 
oxidation, which in turn limits the capacity of the liver 
to carry out gluconeogenesis (Figure 3). Acetyl- CoA is 
a key regulator of intermediary metabolism. For 
example, when acetyl-CoA increases, it not only 

Figure 1. Pathway of CoA biosynthesis. The commitment 
step is the phosphorylation of pantothenate (vitamin B5) by 

pantothenate kinase (PANK) to 4 -phosphopantothenate. 
This is followed by condensation with cysteine catalysed by 
4 -phosphopantothenoylcysteine synthase (PPCS) and then 
decarboxylation to form 4 -phosphopantetheine by 4 -
phosphopanthenoylcysteine decarboxylase (PPCDC). 4 -
Phosphopantetheine is adenylylated to dephospho-CoA by 
phosphopantetheine adenylyltransferase (PPAT ), then 
phosphorylated by dephospho-CoA kinase (DPCK) at the 
3 -hydroxy group of the ribose to form CoA. In mammals, 
the last two steps are catalysed by a single bifunctional 
polypeptide, CoA synthase. 
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inhibits PanK activity, but also binds to pyruvate 
dehydrogenase to limit entry of carbon into the 
tricarboxylic acid cycle. The differential responses of 
the PanK isoenzymes to regulatory ligands and their 
tissue-specific expression profiles work together to 
create the unique tissue CoA levels that match the 
metabolic activity and function of a specialized 
tissue. 

CoA biosynthesis is completed in the cytoplasm, but 
CoA is required for reactions in mitochondria, 
chloroplasts, the lumen of the endoplasmic reticulum 
and peroxisomes. To reach these destinations, CoA 
requires protein-mediated transport across cell 

membranes
8
. Eukaryotic cells transport CoA into 

mitochondria for the citric acid cycle and fatty acid 
oxidation, into chloroplasts for fatty acid synthesis, into 
the endoplasmic reticulum for glycoprotein 
acetylation and into peroxisomes for fatty acid 
oxidation (Figure 4). CoA sequestered in these 
organelles is thought to reach millimolar 
concentrations. Acetyl-CoA is also required in the 
nucleus to support protein acetylation. The four 
mammalian PanK proteins share a homologous C-
terminal catalytic domain, but differ in their N-termini 
which direct the isoenzymes to different cellular 

compartments
9 (Figure 4). PanK1α is localized in the 

nucleus where it is associated with the nucleolus. 
PanK1α is positioned to sense the acetyl-CoA levels in 

5

this cellular compartment. Reduced CoA supply and 
histone acetylation are observed in the Drosophila 
fumble mutant, a hypomorph with reduced PanK 

expression
10

. Human PanK2 primarily resides in the 
intramitochondrial membrane space following its prior 
transit into and out of the nucleus. This final destination 
places human PanK2 in position to sense the levels of 
its allosteric regulator, acyl-carnitine. PanK3, rodent 
PanK2 and PanK1β are found in the cytoplasm, where 
PanK1β associates with endosomal membranes. 
Similar to having individual thermostats in separate 
rooms of the house, PanK sensors at the nucleus, 
cytosol, endosomes and mitochondria co-operate to 
fine tune the biosynthesis of CoA to ensure an 
adequate supply of this cofactor to support 
subcellular metabolism. 

CoA degradation 

CoA levels in cells are regulated in a cell autonomous 
manner. CoA or acyl-CoAs do not escape from cells, 
in contrast with carnitines, acyl-carnitines or acyl- 
ethanolamides that interact with both intracellular 
and extracellular targets. Pantothenate is actively 
transported into cells and its phosphorylation by PanK 
traps this vitamin and funnels it solely down the CoA 
biosynthetic pathway (Figure 2). In order for the 
intracellular CoA concentration to dynamically 
change, both CoA biosynthesis and degradation 

Figure 2. Ins and outs of pantothenate 
metabolism. Pantothenate is actively 
transported into cells and committed to 
CoA biosynthesis by phosphorylation via 
pantothenate kinase (PanK). The CoA 
synthase catalyses the last two steps in 
the pathway in mammals. Acetyl-CoA is 
the most potent feedback inhibitor of 
the mammalian PanK enzymes. CoA 
can be degraded to acyl-
phosphopantetheine by the Nudix 
hydrolases 7 and 19. Alternatively, CoA 
donates the phosphopantetheine 
prosthetic group to activate the fatty 
acid synthase. Prosthetic group turnover 
releases the phosphopantetheine that 
can be reincorporated into the CoA 
biosynthetic pathway. Extracellular 
pantetheine can be converted into 
pantothenate by the vanin family of 
enzymes, or pantetheine can re-enter 
cells and be phosphorylated by PanK. In 
mammals, the source of extracellular 
pantetheine is not known, but it is 
possible that the phosphopantetheine 
intermediate may exit from the cell, 
similar to what is known about bacterial 
pantothenate metabolism. 
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must be co-ordinately regulated. The CoA 
degradation pathways and how they are controlled 
are not as well understood as biosynthesis. CoA 
turnover in bacteria is mediated by transfer of the 
phosphopantetheine moiety from CoA to acyl carrier 
protein. The phosphopantetheine group is then 
released from the protein and can either be re-
incorporated into the CoA biosynthetic pathway or 
exit the cell. CoA supplies the phosphopanthetheine 
prosthetic group to activate the fatty acid synthase in 
mammalian cells, and turnover of the prosthetic 

7

group occurs independently of protein turnover. CoA 
degradation in mammalian cells is actively mediated 
by at least two members of the Nudix hydrolase family 
of enzymes, Nudix hydrolases 7 and 19. These 
hydrolases reside in peroxisomes where acyl-CoA 
substrates are degraded to acyl-
phosphopantetheine. The metabolic fate(s) of the 
acyl group attached to the acyl-
phosphopantetheine product is not known. 
Phosphatases will generate pantetheine. The vanins 
are secreted proteases that degrade pantetheine to 

Figure 3. The connection between fatty acid oxidation 
and gluconeogenesis. A typical palmitoyl-CoA molecule 
has a 16:0 acyl chain ligated to CoA. The process of fatty 
acid oxidation generates a total of eight acetyl-CoA 
molecules, and thus seven free CoAs are required in 
addition to complete the oxidation process. The acetyl-
CoA can be used directly in reactions such as protein 
acetylation, enter the tricarboxylic acid (TCA) cycle, or be 
incorporated into ketones, an important nutrient source 
for energy in addition to glucose and fatty acids in higher 
animals. The reiterative reactions of fatty acid oxidation 
generate the reduced form of nicotinamide–adenine 
dinucleotide (NADH) that, in turn, is required to support 
the reactions in the pathway of gluconeogenesis. The 
reduced form of flavin adenine dinucleotide (FADH2) is 

required for the activity of the electron transport chain 
that couples with oxidative phosphorylation to produce 
ATP. 

Figure 4. Subcellular compartmentalization of PanK isoenzymes. CoA is made in the cytoplasm blue), but selected PanK 
isoenzymes are sequestered in the nucleus (green) or mitochondria (dark purple, yellow). The murine PanK2 (mPanK2) is 
found in the cytoplasm, but the human PanK2 (hPanK2) translocates in and out of the nucleus before it is permanently 
localized in the intermembrane space of mitochondria. CoA substrates participate in reactions of fatty acid (FA) synthesis, 
lipid synthesis, lipolysis and protein modification in the cytoplasm, the tricarboxylic acid (TCA) cycle and fatty acid (FA) 
oxidation in mitochondria, protein acetylation in the nucleus and glycoprotein acetylation in the endoplasmic reticulum 
(light purple). We propose that PanK isoenzymes act as sensors in situ to adjust CoA synthesis for subcellular requirements. 
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pantothenate and cysteamine. The pantothenate or 
pantetheine are recycled into CoA by PanK, as both 
are substrates for this enzyme. There may be 
additional CoA-degradative mechanisms in 
mammals that have not yet been discovered. 

CoA is often considered as a cofactor that is not 
limiting in intermediary metabolism. However, the 
experiments with knockout mice show that the 
perturbation of CoA homoeostasis by the elimination 
of a PanK leads to metabolic imbalances. 
Furthermore, a programme of gene expression 
changes occur in response to low CoA in liver (Figure 
5). PanK1 expression increases significantly and the 
activities of acyl-CoA thioesterase and carnitine 
palmitoyltransferase increase to offload acyl groups 

from acyl-CoAs to release more free CoA
11

. The 
synthesis of acetyl-CoA is limited by inhibition of 
pyruvate dehydrogenase through up-regulation of 
pyruvate dehydrogenase kinase 4 expression. And 
the fatty acid synthase is down-regulated to limit the 
production of fatty acids that would ligate with CoA. 
These adaptive changes in gene expression work 
together to counter a low level of free CoA, pointing 
out its functional importance. A human 
neurodegenerative disorder arises from inactivating 

mutations in the human PANK2 gene
12

. Clearly, 
chronic reduction of intracellular CoA levels have 
severe metabolic consequences, thus leading to the 
conclusion that tissue CoA levels are not maintained 
at a level that is significantly higher than the 
metabolic requirement. 

Future directions 

An important issue for future research will be to 
address whether the level of CoA and/or its thioesters 

9

control metabolism. The intricate regulatory network 
for CoA homoeostasis in mammals suggests that that 
quantitative changes in the CoA or acetyl-CoA levels 
can actually determine the directions of metabolic 
flux that are intrinsic to energy production. The ob/ob 
or leptin-deficient mouse has abnormally high hepatic 

CoA levels compared with its wild-type counterpart
13

. 
The high CoA is associated with abnormally low 
expression of Nudix hydrolase 7. Constitutive 
gluconeogenesis in the leptin-deficient liver results in 
hyperglycaemia and hyperinsulinaemia. The idea that 
the elevated CoA is driving this metabolic imbalance 
is supported by the normalization of serum glucose 
and insulin levels when hepatic CoA levels are 

decreased in the ob/ob Pank1
−/− double knockout 

mouse. Key experiments to critically test the role of 
CoA in controlling metabolism will be the tissue-
specific elevation of CoA levels by selective 
overexpressing PanKs or PanK mutants that are 
engineered to be refractory to feedback regulation. 
The transcription factors that control PanK expression 
are largely unknown, and the significance of the post-
translational phosphorylation and acetylation sites 
identified in proteomic screens remain to be 
elucidated. What is clear is that mammals have 
invested in a diversity of transcriptional, post-
transcriptional and biochemical regulatory 
mechanisms for CoA homoeostasis, suggesting that 
the control of the cellular levels of this cofactor is 
critical to support tissue-specific intermediary 
metabolism. 

We thank the American Heart Association, US 
National Institutes of Health (grant number GM062896) 
and the American Lebanese Syrian Associated 
Charities for financial support. 

Figure 5. Adaptive gene expression 
maintains CoA homoeostasis. Free 
CoA (CoASH) has a thiol moiety that 
forms a thioester bond with organic 
acids such as acyl-CoA. Severe 
depletion of the CoA pool results in 
adaptive upregulation of acyl-CoA 
thioesterases, carnitine 
palmitoyltransferase (CPT) and 
pyruvate dehydrogenase kinase 
(PDHK) that inhibits the activity of 
pyruvate dehydrogenase (PDH). As a 
result, the acyl groups are off-loaded 
from CoA to carnitine and the 
acylcarnitine levels increase 
dramatically and can exit the cell. 
Inhibition of PDH results in less acetyl-
CoA entry into the tricarboxylic acid 
(TCA) cycle. 
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