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What limits maximal 
growth rates? 

Presenter
Presentation Notes
I’d like to take a different angle
I know this is not how it usually done
Relates to the constraints and selection forces
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A major frontier for systems biology:  
Carbon Fixation 

Requires majority of land and fresh water used by humanity 
A molecular process that affects global climate 
Major uncertainties about rates and limits 
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growth Rubisco rate is at a limit 
(Savir et al, PNAS 2010) 

Constraints on metabolites 
concentrations, enzyme rates 

and pathways structure 
(Noor et al, Mol. Cell 2010 

Bar-Even et al, Biochemistry 2011 
Bar-Even et al, PLOS CB 2011) 

Design principles in 
photosynthesis:  

wavelengths utilized 
(Milo, Photos. Res. 2009) 

Synthetic carbon 
fixation pathways for 
higher productivity 

(Bar-Even et al, PNAS 2010; 
Bar-Even et al, JXB 2012) 

What governs the efficiency of  
photosynthesis and carbon fixation? 

Presenter
Presentation Notes
I’d like to take a different angle
I know this is not how it usually done
Relates to the constraints and selection forces





8 

The Calvin-Benson cycle drives carbon 
fixation 

Photosynthesis fixates  

carbon into organic compounds 

 

Rubisco - key carboxylating 

enzyme: capturing CO2 and  

producing 3-carbon sugars 

 

 



12 

Can we find novel ways to 
achieve carbon fixation? 

 
Constraints are different  productivity and 

rates might be higher (e.g. domestication) 
 
 

Test our understanding of what limits Nature in 
evolving metabolic pathways  

 
 



Finding synthetic alternatives to the Calvin-Benson Cycle 

A “mix and match” approach  

Synthetic biology & 
metabolic engineering 
(following Kiesling, Stephanopoulos, 
Maranas, Hatzimanikatis,…) 



How to compare the synthetic pathways? 

Evaluating the synthetic  
carbon fixation cycles 

Promising carbon fixation cycles 

New methods to predict 
pathways rates 
 
Integrated thermodynamic 
models  

Exploration of  (5000)n 
possible networks 

 
Novel visualization method of 
metabolic pathways 
 
Manual curation  
>1500 papers  
>100 metabolic cycles 
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We systematically compare all possible 
synthetic carbon fixation pathways 



The simplest carbon fixation cycles are not useful 

The simplest cycles are:  
(1) Thermodynamically infeasible 
(2) Kinetically slower 
(3) Employing oxygen sensitive enzymes 

Bar-Even et al., PNAS, 2010 
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Equilibrator - a web interface for thermodynamic 
analysis of biochemical systems 

Avi  
Flamholz 



Rational design converges with natural selection 

Under constraint of using Rubisco as carboxylating enzyme: 
 -> Ideal solution is Calvin cycle 
 
With no constraints other than using naturally occurring  
enzymes… 
 



We find a family of promising novel pathways  

(1) Kinetically faster 
2-3 fold faster than Calvin Cycle 

(2) Thermodynamically & energetically feasible 
(3) Impose least metabolic changes 

Bar-Even et al., PNAS, 2010 

The Malonyl-CoA – Oxaloacetate – Glyoxylate 
family of pathways is predicted to be: 

Can we achieve better 
results than natural 
pathway? Maybe if the 
constraints are different  



The C4 pathway  
of carbon fixation 
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The C4 pathway  
of carbon fixation 

1 
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Glyoxylate 



Testing the synthetic cycles by merging  
enzymes from several organisms 

In Vitro 

E. coli E. coli 

E. coli E. coli 

Methylobacterium 
(sequence available) 

Rhodobacter 
(sequence available) 

Propionibacte
rium 
(sequence 
available) Chloroflexus 

(sequence not available) 

Clostridium 
(sequence available) 

E. coli 

Clostridium 
(sequence not available) 



Testing computational predictions in vivo:  
 

we develop a model system for comparing 
novel carbon fixation pathways 

23 
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Only two genes are missing in E. coli  
to complete the Calvin-Benson cycle 

+ external energy source 

See also: 
Bonacci, …, Savage, 
PNAS 2012 



The real energy sources…. 
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Niv 
Antonovsky 

Lior 
Zelcbuch 

Shira  
Amram 



Toxicity hampers cloning efforts   
 

Enzyme levels are either too high or 
too low, or combination 

 
Requires a novel method for exploring 

space of expression levels 

27 



Different expression levels in a synthetic 
metabolic pathway should be tested to find a 

balanced pathway 
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Location in expression 
space of the “ideal” 
balance is very difficult 
to predict 

Requires experimental 
method to explore 
expression space 
efficiently 



Ribosome binding site modulation explores 
expression space 
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Following: Salis, Mirsky 
& Voigt, NBT 2009 
 



Proof of concept – using ribosome binding 
sites to span fluorophores expression space 

30 
Lawn of bacterial colonies (touching) 
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Expression space is spanned in a combinatorial 
manner over ~2 orders of magnitude 



• Enabled us to solve the toxicity problem in 
bacteria 
 

• Useful for optimizing pathways 



Ribose-5-P 

Ribulose-5-P 

Ribulose-1,5-BP 

Glycerate-3P (x2) 

CO2 

(Ribose-5-phosphate isomerase, E. coli) 

PRK (Phosphoribulokinase, S. elongatus) 

Rubisco (R. rubrum) 

Expressing & testing key steps 
of carboxylation 



Ribose-5-P 

Ribulose-5-P 

Ribulose-1,5-BP 

13Glycerate-3P + Glycerate-3P  

13CO2 

(Ribose-5-phosphate isomerase, E. coli) 

PRK (Phosphoribulokinase, S. elongatus) 

Rubisco (R. rubrum) 

? 

“Carbon fixating” coli  
cell extract 

in-vitro carbon fixation assay 
using E.coli extracts 



Ribulose-1,5-BP 

13Glycerate-3P + Glycerate-3P  

13CO2 
“Carbon fixating” coli  

cell extract 

Carbon fixation assay using LC-MS 

Ilana Rogachev and Sergey Malitsky (Asaph Aharoni lab) 



Time
2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00 22.50 25.00 27.50

%

-0

100

2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00 22.50 25.00 27.50

%

-0

100
BP_N5_27_Jan_33 Sm (SG, 2x8) 2: MRM of 2 Channels ES- 

185.9 > 96.85 (3PG_C13)
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113858

17.76
403

BP_N5_27_Jan_33 Sm (SG, 2x8) 2: MRM of 2 Channels ES- 
184.9 > 96.85 (3PG)
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231

17.93
1375

13Glycerate-3P = 40 % 

12Glycerate-3P = 60 % 



Ribose-5-P 

Ribulose-5-P 

Ribulose-1,5-BP 

13Glycerate-3P + Glycerate-3P  

13CO2 

(Ribose-5-phosphate isomerase, E. coli) 

PRK (Phosphoribulokinase, S. elongatus) 

Rubisco (R. rubrum) “Carbon fixating” coli  
cell extract 

“Carbon fixating” coli  
cell extract 

“Carbon fixating” coli  
cell extract 

? 

? 

? 



Engineered E. coli 
13C 

12C 



Control WT E. coli 
13C 

12C 
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Experimentally engineer carbon fixating  
E. coli as part of grand plan 

Energy supplied by reduced  
compound that cannot be  
used as carbon source 
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We are aware that  
“evolution is smarter than you are”  

(Orgel’s law) 
 

We expect to learn about horizontal gene transfer, 
constraints on metabolic networks and  

limits to productivity 
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The number you need, with reference in just a minute  

BioNumbers – Useful biological numbers database 

Wiki-like, users edit and comment 

Over 3500 properties & 5000 users/month  

www.BioNumbers.org 
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AERI  

Check for 
open positions  
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