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Sammanfattning	  
Metabolisk modellering är ett effektivt verktyg för att förutsäga hur metabolsika nätverk 
påverakas av genetiska förändringar nätverk. Flux balans och flux varians, samt 
termodynamisk flux analys användes i denna studie för att försöka förbättra utbyte och 
produktivitet av 3-hydroxybutyrat (3HB) i rekombinant Escherichia coli. Modellerna gav 
flera förslag till hur produktiviteten kan ökas. Från dessa förslag slogs flera gener ut i AF1000 
pTrcT3Rx och utbyte av produkt analyserades. Tyvärr ökade inte utbytet i någon av 
varianterna. Dock bidrog de till ökad förståelse för vad som begränsar rekombinant 3HB 
produktion. Från detta kunde fler förutsägelser göras för att försöka öka produktiviteten. 
 
Tillväxten i Escherichia coli måste begränsas för att kunna öka utbytet. Detta kan uppnås 
genom att begränsa tillgången av kväve eller fosfor, eller genom att höja pH värdet i mediet. 
Eftersom 3HB produktionen troligen är NADPH beroende så måste glykolysen styras om mot 
pentofosfatvägen. Detta kan uppnås genom att slå ut gener eller överuttryck. Hydrolyserad 
lignocellulosa skulle kunna vara ett fördelaktigt substrat i en stam med modifierad glykolys. 
Ett sådant substrat skulle dessutom kunna sänka priset på produkten och kanske ge en grönare 
process. 

Abstract	  
Computer modeling has gained increasing attention as a quick method to investigate the effect 
of genetic changes on the metabolic networks of well-known organisms. This study has 
focused on the use of genome scale metabolic modeling of Escherichia coli metabolism to 
find ways of improving 3-hydroxybutyric acid (3HB) productivity. Standard flux balance and 
flux variability analysis has been used, as well as thermodynamics-based metabolic flux 
analysis. The models led to a number of suggestions on how to improve the production. 
Knockouts in AF1000 pTrcT3Rx were constructed from these predictions and tested for the 
effect on 3HB yield. The knockouts did not improve the yield of product but they allowed 
some insight to the limiting factors of 3HB synthesis. Based on this information, further 
suggestions were made on how to improve 3HB production.  
 
To increase yield and productivity of 3HB, the growth rate of E. coli has to be limited. This 
can be done either through phosphorous or nitrogen limitation, or through an elevated pH. 
Since the production pathway is likely NADPH dependent, the glycolysis has to be steered 
towards the pentose phosphate pathway or the Entner–Doudoroff pathway for supply of the 
correct redox cofactor. This can be achieved by overexpression or knockouts of the correct 
genes. The use of lignocellulostic hydrolysates could potentially be a favorable substrate for 
an organism with modified glycolysis. In addition, such a substrate would open up 
possibilities for a cheaper and potentially greener process. 
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Introduction/background	  

Production	  of	  3-‐hydroxybutyric	  acid	  in	  recombinant	  Escherichia	  coli	  
3-hydroxybutyric acid (3HB) has been produced through different approaches in recombinant 
E. coli. Some have involved production of poly-hydroxybutyric acid (PHB) followed by 
hydrolysis of the polymer[1,2], while other strategies have focused on direct synthesis of 
3HB[3]. Both S- and R-enantiomers have been produced successfully produced using several 
different pathways[1-4]. Most of these strategies have used enzymes from Ralstonia eutropha 
and focused on limitation of a macronutrient such as nitrogen for redirection of carbon flux 
towards product instead of growth.  
 
3HB can be produced in three steps from acetyl-CoA by recombinant enzymes (Figure 1). In 
this case, the enzymes are from the extremophile Halomonas boliviensis[5]. The first step 
involves the condensation of two acetyl-CoA molecules to a single acetoacetyl-CoA molecule 
by a thiolase (T3). The second step is a reduction of acetoacetyl-CoA to 3HB-CoA carried out 
by a reductase (Rx). The reductase may either be NADH or NADPH dependent, although it 
has high sequence homology with the NADPH dependent reductase from Ralstonia eutropha. 
The third step is a hydrolysis reaction where 3HB is cleaved from coenzyme A by a native E. 
coli enzyme or by spontaneous hydrolysis. It has been speculated that the thioesterase 
encoded for by the gene TesB is responsible for the hydrolysis, and overexpression of the 
gene has improved the yield of 3HB in certain recombinant E. coli strains[3]. 
 

 
Figure 1. The 3HB production pathway  
 
No studies have been found on the flux distribution of a 3HB or PHB producing E. coli strain. 
Despite the simplicity of the production pathway, such an investigation might provide further 
insights on how to improve the production of 3HB and PHB. Therefore, the aim of this work 
is to use modeling to suggest actions that can be taken to improve 3HB and PHB production 
in E. coli with a recombinant 3HB production system from H. boliviensis.  
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Modeling	  approaches	  
Through metabolic models, it is possible to calculate the internal fluxes of a cell. Increasingly 
complex models have been developed for Escherichia coli. This has allowed in silico 
predictions of what substrates are viable for growth in different conditions[6]. More interesting 
is the ability to predict modifications that can effect yields and productivity and use these 
predictions to optimize processes[7]. 
 
Metabolic modeling can be performed in several ways. Modern strategies apply optimization 
to a large metabolic model, preferably containing all reactions in a cell. Such a system does 
not have a single solution, but the fluxes can vary over a large range; given a set of 
constraints. In these models, the biomass objective is usually optimized to imitate the natural 
tendency for cells to strive towards growth[8]. 
 
Introducing additional constraints, such as thermodynamic, kinetic or regulatory limitations, 
can further refine a genome scale model. These constraints will increase the computational 
requirements but may increase the understanding of the modeled system. 
 
A simple genome scale model will require only knowledge of the stoichiometries of each 
reaction, the ATP maintenance requirement, the biomass composition and feasible ranges for 
the fluxes going in and out of the cell. Simple linear programming (LP) can be used to solve 
the resulting mathematical problem. The model can be further improved by some knowledge 
of the range of feasible internal fluxes or the ratio between them. This kind of model can give 
information on the maximum theoretical productivity in a range of conditions and it may 
provide suggestions for which enzymes to knock out or overexpress in order for improved 
productivity. However, the model will include a large number of infeasible fluxes and futile 
loops[8]. 
 
To avoid futile loops, the model has to be expanded to either include rules that forbid futile 
loops[8], or to include thermodynamics, which naturally forbid futile loops because they do 
not follow the laws of thermodynamics. Both these strategies require the introduction of 
mixed integer linear programming (MILP). However, the thermodynamic constraints also 
require additional information on the standard Gibbs free energy of each reaction, at the 
conditions in the cell. Also, the total Gibbs free energy of each reaction depends on the 
concentration of each individual metabolite in the model. Thus, information on the feasible 
ranges for metabolite concentrations is required. The results of a of a model with reduced 
loops are much like the simple genome scale model, but without infeasible loops and this is 
therefore not much more informative. The thermodynamic model may however provide some 
additional information. For example, it may be revealed that the concentrations of certain 
metabolites must be in certain range for the model to be valid. Also, it is possible to find 
reactions that operate near equilibrium (ΔG close to 0) or far from equilibrium (ΔG far from 
0)[9,10]. However, many fluxes that are infeasible in reality may be presented as possible by 
the model since thermodynamics and stoichiometries allow it.  
 
A further refined model requires kinetics, which demands much more computational power 
since the model becomes non linear, especially if Michaelis-Menten kinetics are applied. 
Also, the kinetic characteristics of each enzyme are required for the model to be accurate. 
These include KM, kcat, enzyme concentrations and the concentration ranges of intracellular 
metabolites. The model may provide more accurate results and limit the fluxes to feasible 
ranges in many cases, but requires a lot of computational power and a lot of information on all 
the enzymes involved in the model. No complete model of the entire E. coli metabolism has 
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been published with kinetics, due to the difficulties in building such a model. However, 
attempts to apply kinetic constraints to only a portion of the metabolism have been successful 
and allowed the accuracy of the models to increase[11]. 
 
The kinetic or thermodynamic models can of course be combined to improve model quality, 
but it is unclear if this would give any benefits. However, both kinds of models can be 
improved by applying additional regulatory constraints, such as pathway activation or 
inhibition by certain metabolites. Again, this kind of model would require knowledge on the 
mechanism for inhibition of each metabolite on each enzyme and protein in the cell. Such 
complete models have not been published but certain regulatory mechanisms have been 
introduced in simple E. coli models[11]. A kinetic model with regulation could potentially 
provide an almost perfect representation of the metabolism of the cell at a wide range of 
conditions, including concentrations of metabolites and expression levels of proteins. 
 
For this study, a genome scale model for E. coli was used to predict knockouts that can 
improve 3HB productivity and for visualization of all the feasible metabolic paths to the 
product. A thermodynamic model was used to determine the metabolite concentration ranges 
that are required for production of 3HB and biomass.  

Materials/methods	  

Models	  and	  predictions	  
The COBRA Toolbox plugin for MATLAB[8] was used with Gurobi 5.5[12], LibSBML and the 
SBML toolbox[13] to manipulate and optimize the iJO1366 E. coli model[14]. The model was 
modified through a series of deletions to fit the genotype of the strain AF1000, which has 
been selected for production of 3HB. 
 
A separate program was written to optimize the thermodynamic model of AF1000. The model 
iJR904[15] was used as the starting point and then reactions were deleted for it to fit the 
genotype of AF1000. The program used for solving the problem was based on the work of 
Henry C. et al.[9] and optimized with Gurobi 5.5[12]. The algorithm was based on the following 
system of linear and binary constraints. The full code is available in the appendix. 
 
𝑵 ∙ 𝒗 = 0                                                                                                                    𝑵 ∈ ℝ!×! ,𝒗 ∈ ℝ!×!  𝑎𝑛𝑑  0 ≤ 𝑣!"#,! ≤ 𝑣! ≤ 𝑣!"#,! 
𝑣! − 𝑧!𝑣!"# ≤ 0                                                                                          𝑖 ∈ ℤ, 1 ≤ 𝑖 ≤ 𝑟  𝑎𝑛𝑑  𝑧! = 0,1  
Δ!G′! + 𝐾𝑧! < 𝐾                                                                                        𝑓𝑜𝑟  𝑖 ∈ ℤ, 1 ≤ 𝑖 ≤ 𝑟  𝑎𝑛𝑑  Δ!G!!

∘  𝑖𝑠  𝑘𝑛𝑜𝑤𝑛 

Δ!G′! − 𝑅𝑇 𝑛!,! ln 𝑥!

!

!!!

= Δ!G!!
∘                      𝑓𝑜𝑟  𝑖 ∈ ℤ, 1 ≤ 𝑖 ≤ 𝑟  𝑎𝑛𝑑  Δ!G!!

∘  𝑖𝑠  𝑘𝑛𝑜𝑤𝑛 

 
N is the stoichiometric matrix with dimensions m×r and v is the flux vector with length r. m 
and r are the number of metabolites and reactions in the model respectively. The model has to 
be arranged so that all fluxes are greater than 0 and all equilibrium reactions have to be split 
in one forward and one reverse part. z is a binary variable that is used to describe if a reaction 
occurs or not, depending on the thermodynamic feasibility of each reaction. Gibbs free energy 
of each reaction (Δ!G′!) has to be negative for a reaction to occur and the value depends on 
the metabolite concentrations and the standard Gibbs free energy of each reaction (Δ!G!!

∘). 
The biochemical standard state was used, at pH 7 and 37°C. K is a constant selected so that 
the equations are always true; it is larger than the highest possible value of Δ!G′!. n is the 
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stoichiometric coefficient of the metabolite and x is the activity of the metabolite, expressed 
in mol/L. Note that the model does not deal with concentration, but with activities. R is the 
ideal gas constant and T is the temperature in Kelvins. The thermodynamics part of the model 
was only solved for the reactions with known Δ!G!!

∘; for the remaining reactions, zi was 
assumed to be 1.  
 

Strains	  and	  cloning	  
The AF1000 strain was transformed with the plasmid pTrcT3Rx for production of 3HB. 
Knockouts were prepared from the KEIO collection[16] by P1 phage transduction. All cloning 
was performed in LB medium and on LB plates with appropriate antibiotics. 
 

Media	  and	  cultivations	  
Shake flask cultivations were carried out in sterile minimal medium containing 7 g/L 
(NH4)2SO4, 1.6 g/L KH2PO4, 6.6 g/L Na2HPO4*2H2O, 0.5 g/L (NH4)2H-citrate and 5 g/L 
glucose. 1000x 1M MgSO4 and 1000x trace element solution was added the medium. The 
trace element solution contained 0.5 g/L CaCl2*2H2O, 16.7 g/L FeCl3*6H2O, 0.18 g/L 
ZnSO4*7H2O, 0.16 g/L CuSO4*5H2O, 0.15 g/L MnSO4*4H2O, 0.18 g/L CoCl2*6H2O and 20 
g/L Na-EDTA. The temperature was maintained at 37°C and 180 rpm of shaking was used.  
 
Samples for optical density and 3HB were taken. Optical density was determined at 600 nm 
using a spectrophotometer. An enzymatic kit from Megazymes was used to determine the 
concentration of 3HB in the medium. The yield of 3HB per biomass was calculated from the 
ratio of 3HB to optical density. 

Results	  

Adaption	  and	  validation	  of	  the	  AF1000_iJO1366	  model	  
The iJO1366 model was not entirely suited for modeling the behavior of AF1000 since it 
contains some reactions that are not present in AF1000. The model is pure K12 while AF1000 
is a variant of MC4100. The genes not present in MC4100, but present in K12 were identified 
by Peters J. et al.[17] and the knockouts required to go from MC4100 to AF1000 were 
specified by Sandén et. al.[18] The deletions required to achieve AF1000 from K12 were 
applied in COBRA by using the deleteModelGenes function. This resulted in a model called 
AF1000_iJO1366. Only a few deletions affected the metabolic network since several gene 
deletions may be required to completely remove a reaction. The reactions that were deleted 
are listed in Table 1. The deleted reactions did not affect the maximum growth rate during 
aerobic growth on glucose. 
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Table 1. Genes deleted in order to create the AF1000_ iJO1366 model from iJO1366 
Gene abbreviation Reaction abbreviation 
b0261 HCYSMT and HCYSMT2 
b0314 – 
b0336 CSNt2pp 
b0341 CYNTt2pp 
b2169 FRUptspp 
b0343 LCTStpp 
b2170 – 
b0308 – 
b2168 FRUK 
b0311 CHOLD 
b0312 BETALDHx and BETALDHy 
b0337 CSND 
b0273 – 
b0344 LACZ 
b0348 DHCINDO and HPPPNDO 
b0349 HKNDDH and HKNTDH 
b0340 CYNTAH 
b0339 – 
b0260 MMETt2pp 
b0331 MCITL2 
b0333 MCITS 
b0323 – 
b0350 OP4ENH 
b0306 – 
b0334 MCITD 
b0347 3HCINNMH and 3HPPPNH 
b2174 COLIPAKpp 
 
The validity of the model was tested by varying the substrate consumption rate and 
optimizing biomass production. Varying substrate consumption rate mimics a continuous 
cultivation at different dilution rates, and a clear linear relationship was seen between 
substrate consumption rate and growth rate. Also, a maintenance requirement was obvious. 
However, the model does not predict acetate production during aerobic growth on glucose and 
the growth rate is only limited by the rate of glucose consumption. There are no built in 
factors that set a maximum growth rate. This is to be expected from a simple stoichiometric 
model since there are no inherent limits on growth or stoichiometric reasons for acetic acid 
production. AF1000_iJO1366 corresponded as well as could be expected with the growth of 
AF1000. Based on this, the glucose consumption rate was set to 7.7 mmol/g,h and the ATP 
maintenance requirement was set to 5.3 mmol/g,h in order for the model to reflect the growth 
of AF1000 as well as possible. 
 
Since the cofactor specificity of Rx has not yet been determined, a model was made with both 
NADPH and NADH dependent enzymes. The necessary reactions were added through the 
COBRA command addReaction.  
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When visualizing the results for optimal 3HB production, it became obvious that the program 
used unreasonable pathways for the production of 3HB. The carbon flowed mainly through 
the tightly regulated methylglyoxal pathway or through amino acid and nucleic acid 
anabolism followed by catabolism. The nucleic acid and amino acid pathways have one thing 
in common; they can both produce acetaldehyde, which can feed directly to acetyl-CoA. To 
remedy this, a number of reactions (Table 2) had to be deleted by setting both the upper and 
lower bounds of the reaction to 0, using the COBRA command changeRxnBounds After the 
deletions, the model mainly used pathways that can be expected to carry a large flux, such as 
glycolysis, pentose phosphate pathway, the Entner-Doudoroff pathway and the TCA cycle.  
 
To confirm that the methyl glyoxal pathway did not contribute significantly to the 
productivity of 3HB, a knockout of methylglyoxal synthase (MgsA) was carried out in vivo. 
The yield of 3HB per biomass did not differ significantly from the wild type AF1000 
pTrcT3Rx (Figure 4). 
 
Table 2. Reactions deleted in order to create a feasible 3HB producing model of AF1000 
Reaction abbreviation Place in metabolism Comment 
GLYAT Amino acid metabolism Active during growth on amino acids 
DRPA Nucleic acid metabolism Active during growth on nucleic acids 
THRAi Amino acid metabolism Active during growth on amino acids 
THRA2i Amino acid metabolism Active during growth on amino acids 
MGSA Methyl glyoxal pathway Carries very low flux, tight regulation 
PFL Glycolysis Active during anaerobic growth 
 

The	  optimal	  path	  for	  3HB	  production	  
After deletion of unreasonable reactions, the optimal paths for 3HB production could be 
visualized. An optimal path gives the highest possible yield and productivity of 3HB while 
maintaining cofactor balance. The best path depends on the cofactor required by the Rx 
enzyme. In case of a NADH dependent enzyme, glycolysis would be the best path (Figure 2) 
while the Entner-Doudoroff pathway would be preferable for an NADPH dependent enzyme 
(Figure 3). There is no difference in yield for the two paths; both are capable of prodcing 3HB 
at 1 mol/mol. For growth, E. coli prefers glycolysis since it can provide a large amount of 
energy and reducing power. Also, the TCA cycle is highly active in growing E. coli, to allow 
complete oxidation of the substrate. 
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Figure 2. The optimal path for producing 3HB with a NADH dependent acetoacetyl-CoA reductase 
 

 
Figure 3. The optimal path for producing 3HB with a NADPH dependent acetoacetyl-CoA reductase 
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Limiting	  essential	  macronutrients	  
When essential nutrients are limited, the growth rate is reduced. If the rate of substrate 
consumption can remain high, the carbon can be diverted towards product. Limiting several 
nutrients was thus attempted in AF1000_iJO1366 to determine the most efficient strategy. If 
there is no nitrogen or phosphorous available, the yield of 3HB per glucose can still remain at 
1 mol/mol, while growth is completely stopped. However, if the supply of oxygen is limited, 
growth can still take place although at a very reduced rate. When anaerobic 3HB production 
was tested with the NADPH and the NADH dependent reductases, neither path gave a yield 
higher than 0.7 mol/mol. Also, large amounts of ethanol and formic acid were predicted as 
byproducts.  
 

Modeling	  uptake	  of	  multiple	  sugars	  
In addition to limiting an essential nutrient, the choice of carbon source could affect the 
productivity of 3HB. One interesting carbon source is hydrolysed lignocellulostic waste since 
it has a potential for production of cheap and renewable chemicals. This kind of substrate 
contains both five carbon and six carbon sugars. The main ones are glucose, xylose and 
arabinose[19]. An ideal strain would take up all sugars at once and produce 3HB efficiently.  
 
Since the five carbon sugars are more oxidized than glucose, they cannot be used directly in 
the oxidative part of the pentose phosphate pathway (PPP) to produce NADPH. Instead, the 
pentoses have to be converted to glucose through the non-oxidative part of PPP and glucose-
6-phosphate isomerase (Pgi), followed by oxidation by zwf. However, both xylose and 
arabinose can yield substantial amounts of NADH. The maximum yields of 3HB on xylose 
and arabinose will thus depend on the cofactor specificity of Rx. Glucose and xylose were 
tested alone and in combination as substrates for 3HB production in AF1000_iJO1366 and the 
yields were determined (Table 3). In this context, xylose and arabinose give the same results 
as they are converted to the same intermediate after uptake. 
 
Table 3. Maximum theoretical yields of 3HB at different conditions 
Carbon source Pgi active Cofactor of Rx Yield of 3HB per 

sugar [mol/mol] 
Glucose only Yes NADPH 1.00 
Xylose only No NADPH 0 
Xylose only Yes NADPH 0.83 
50% glucose, 50% xylose No NADPH 0.85 
50% glucose, 50% xylose Yes NADPH 1.00 
Glucose only Yes NADH 1.00 
Xylose only Yes NADH 0.83 
50% glucose, 50% xylose Yes NADH 0.92 
 
3HB production from xylose is comparable to production from glucose if Rx is NADH 
dependent. If the reductase is NADPH dependent on the other hand, xylose is extremely 
inefficient for 3HB production unless Pgi is active. If glucose and xylose are used in 
combination, the yield improves compared to when only xylose is used and the requirement 
for an active Pgi becomes less substantial. 
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Improving	  acetyl-‐CoA	  availability	  by	  predicting	  knockouts	  
Apart from choosing a good cultivation method for 3HB production, the genotype of the 
production strain is highly important. The COBRA plugin has several functions for predicting 
knockouts that may improve flux towards a product. The OptKnock[7] COBRA function was 
used to identify single gene deletions that could improve flux towards 3HB during aerobic 
conditions. The removed reactions were centered on acetyl-CoA and pyruvic acid since the 
redox cofactor required in the 3HB pathway is unknown. The knockouts suggested by the 
OptKnock function were investigated through a literature search to estimate the effect of each 
knockout on the yield of 3HB per biomass (Table 4). Most knockouts had not been attempted 
in combination with 3HB production specifically, but some generalizations were attempted 
based on reported metabolite concentrations and enzyme activities. 
 
Table 4: Knockouts that are expected to affect the acetyl-CoA pool 
 Effect on  
Deletion 3HB Growth Byproducts Comment 
ppc   - [20]      - [20]         ? Increased PEP pool down-regulates glycolysis[20] 
gltA   ?      - [21]         - [21] Perhaphs increased AcCoA pool[21] 
adhE   0      0         0 Mainly active under anaerobic conditions 
poxB   ?      - [22]         - [22] Decreased HAc production[22] 
ldhA   + [23]      - [23]         ± [23] Less HAc, more EtOH[23] 
aldB   ?      ?         ? No references found 
ackA   ?      - [24]         - [24] Decreased HAc production[24] 
Pta   + [25]      - [25]         - [25] Decreased HAc production[25] 
 
Knockouts of the suggested genes were performed in AF1000 containing the pTrcT3Rx 
plasmid and the yield of 3HB per biomass was estimated from shake flask cultures. The ppc 
and gltA mutants were not viable, probably due to very low growth rates or because AF1000 
cannot survive without the genes. However, there are strains that can grow without either of 
the two genes[16]. All the remaining mutants had a lower yield of 3HB than the wild type 
(Figure 4). 
 
The smallest effect is seen by deleting adhE, which is far removed from acetyl-CoA, mainly 
part taking in ethanol production during anaerobic conditions. The poxB and ldhA mutants 
also have a relatively small effect and the enzymes removed are not so active in aerobic 
conditions. The ackA and pta mutants have a large effect on 3HB yield, probably due to the 
heavy regulation around acetate overflow metabolism. All the mutants seem to improve 
acetyl-CoA availability for the first thiolase step in 3HB production. Despite this, the yields 
were lowered in comparison to the wild type. This may be due to regulation in the area around 
acetyl-CoA, or that the thiolase is inhibited by excess acetyl-CoA. None of the deletions were 
aimed at improving the NADPH or NADH availability. 
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Figure 4. The relative yield of 3HB per biomass for the different knockouts 
 

An	  insight	  to	  the	  cofactor	  dependence	  of	  the	  acetoacetyl-‐CoA	  reductase	  
To get an indication on the cofactor dependence of Rx, a deletion was performed to reduce the 
amount of NADPH in the cell. Glucose-6-phosphate dehydrogenase (zwf), the first step of the 
pentose phosphate pathway, was deleted since it is one of the major NADPH synthesizing 
enzymes. The zwf deletion had the lowest yield of all deletion strains (Figure 4), indicating 
that the recombinant 3HB production pathway is NADPH dependent. Gene homology studies 
with known acetoacetyl-CoA reductases have also indicated that the enzyme from H. 
boliviensis is NADPH dependent. 
 

Validation	  of	  the	  AF1000_T	  model	  
To find more suggestions on improving 3HB productivity, a thermodynamic model called 
AF1000_T was constructed. Genes were deleted to create an AF1000 model from iJR904 in 
the same manner as for AF_iJO1366. Since the iJR904 model is smaller than the iJO1366, 
only a subset of the genes from Table 1 were present in iJR904. Again, the aerobic growth 
rate on glucose was unaffected by the deletions. The 3HB production pathway was added 
with either a NADH or NADPH dependent reductase. To make the production pathway 
feasible, the same reactions were removed from AF1000_T model as from AF100_iJO1366. 
Again, these deletions had no effect on the growth rate during aerobic growth on glucose. 
Gibbs free energy for the 3HB producing reactions was estimated with the group contribution 
method as previously described[26,27]. 
 
The program for solving the thermodynamic model was validated by comparing optimizations 
of iJR904 with data published by Henry C. et al.[9] No differences could be found with regard 
to feasible concentration ranges or Gibbs free energy ranges. The input values and algorithms 
were thus assumed to be correct. 
 

Identifying	  metabolite	  concentrations	  that	  may	  restrict	  3HB	  productivity.	  	  
A flux and activity variability analysis was carried out to find the feasible ranges for 
intracellular metabolite concentrations and Gibbs free energy for each reaction, during 
optimization of both biomass and 3HB production (Figure 5). From the analysis, there are 
only two metabolites that are constrained during optimization of 3HB, compared to more than 
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40 metabolites that have a constrained activity range during growth. For both growth and 
3HB production, all the metabolites would have to be within the specified concentration 
ranges. During 3HB production, the acetyl-CoA concentration has to be high, and the 
acetoacetyl-CoA concentration has to be low. This is in accordance with the low Gibbs free 
energy of reaction for the condensation of acetyl-CoA to acetoacetyl-CoA. The reaction 
catalyzed by T3 is therefore the most thermodynamically limiting step of the 3HB production 
pathway. There is no constraint on the concentration of NAD(P)H or NAD(P)+ during 
optimization of 3HB production. Thus, the Rx step is not thermodynamically limited.  
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Figure 5. Feasible activity ranges for constrained metabolites during optimization of growth and 3HB 
production 
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Identifying	  conditions	  that	  may	  improve	  3HB	  productivity	  
Apart from the intracellular concentrations, the ranges for extracellular concentrations were 
determined. The only range that did not overlap for 3HB production and growth was the 
concentration of hydrogen ions. The feasible pH range for growth was 4 to 7 while the 
feasible pH range for 3HB production was 4 to 10.3. Thus, production of 3HB is 
thermodynamically possible at a pH range of 7 to 10.3, without allowing growth. 
 

Identifying	  futile	  loops	  that	  may	  be	  limiting	  the	  flux	  towards	  product	  
Flux variability analysis was applied to AF1000_iJO1366 in an attempt to identify reactions 
that participate in futile loops. It is possible to identify many loops within the network due to 
the high redundancy. In reality, most of these are tightly regulated to steer fluxes towards 
biomass, or they are limited by thermodynamics. However, there are two loops present at the 
pathway for 3HB production (Figure 6). Both the T3 and the Rx reactions have counterparts 
that catalyze the reverse reactions. These enzymes are part of the beta-oxidation pathway for 
fatty acids, and their expression may be induced by 3HB, 3HB-Coa and acetoacetyl-CoA. The 
main problem is the loop in the reductase step, where the enzymes Rx and FadB may form a 
loop that converts NADPH to NADH. Such a loop would be able to consume quite a lot of 
NADPH since the NADPH concentration is generally high in the cell while the NADH 
concentration is low, creating a thermodynamically favorable reaction. Also, both the 
reductive and the oxidative enzymes would work in the directions that they have evolved for. 
Unless the Fad operon is tightly regulated, a substantial flux could be lost through this loop. 
 
AF1000_T was used to determine if the loop in the reductase step was feasible by optimizing 
for the reaction catalyzed by FadB while setting the 3HB production to a minimum of 1 
mmol/g,h and the growth rate was set to a minimum of 0.1 h-1. The reaction catalyzed by 
FadB was able to carry flux and convert 3HB-CoA back to acetoacetyl-CoA while the Rx 
reaction was running. 
 

 
Figure 6. Futile loops that could possibly limit the productivity of 3HB 
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Discussion	  
Based on the different modeling approaches, there are a few strategies that could be attempted 
in order to improve the productivity of 3HB. First, limiting the supply of a macronutrient 
other than carbon, such as nitrogen or phosphorous, is a simple way of restricting growth 
without impairing the ability of the cell to take up carbon. Nitrogen or phosphorous can be 
limited either through a fed-batch/continuous setup where the feed rate of the nutrient is 
limited, or it could be carried out as a batch, where the nutrient of interest runs out first, 
leaving an excess of carbon, which can drive the flux towards product. In these cases, the 
regulation occurring during nitrogen and phosphorous starvation has to be studied to limit 
stress after depletion of the nutrient. Also, maintaining a high flux of carbon into the cell has 
to be prioritized in order for the cell to keep producing 3HB after growth has stopped. 
 
Limiting the oxygen supply does not seem to be as good when it comes to improving 3HB 
productivity since the maximum yield is severely limited and large amounts of byproducts are 
formed. 
 
Another strategy is to limit the growth by increasing the pH. According to the thermodynamic 
model, the cell should still be able to produce 3HB at an elevated pH. It is not possible to 
predict the rate of production since it is highly dependent on the substrate uptake rate, which 
in turn may depend on the pH of the medium. A non-optimal pH may cause cells to lyse and 
the cell may have to spend a lot of energy to maintain homeostasis. These effects could limit 
the efficiency of employing a high pH in the cultivation medium. From a process point of 
view, the high pH could incur a high cost since all the produced acid would have to be titrated 
with a base, or removed by some separation process. 
 
Despite decreasing the productivity of 3HB, the knockout experiments provided an insight to 
the 3HB production pathway. Based on the knockout of zwf, it seems like NADPH is the 
limiting factor in 3HB production, which can be remediated by overexpressing the enzymes 
of the pentose phosphate pathway, such as zwf, or through knocking out an enzyme in early 
glycolysis, such as Pgi. Such a knockout would force flux through the pentose phosphate 
pathway and the Entner-Doudoroff pathay, which would generate enough NADPH for the 
production of 3HB. 
 
The problem with disabling glycolysis is that the growth rate will be severely limited. This 
can perhaps be resolved by using a strain that can consume more than one sugar at a time. 
During growth on pentoses, there is only a small flux through glucose-6-phosphate isomerase. 
If Pgi was knocked out while supplying both glucose and xylose/arabinose, the growth rate 
could still potentially be high, while supplying a large amount of NADPH for 3HB 
accumulation. However, the maximum yield of 3HB would be less than optimal in such a 
strain. 
 
Limiting futile loops should be attempted since they can potentially have a large effect on 
3HB productivity. The most important loop to eliminate is the conversion of 3HB-CoA to 
acetoacetyl-CoA. The main reason for this is that the loop is likely thermodynamically driven 
towards NADH production from NADPH. Also, the acetoacetyl-CoA pool has to be kept low 
in order for the thiolase reaction to be thermodynamically favored. If the beta-oxidation 
pathway is active, there is a risk of getting acetoacetyl-CoA accumulation, which could stop 
the thiolase reaction. 
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Conclusion	  
Metabolic models can be used as a tool for quickly finding strategies to improve the 
productivity of chemicals in bacteria with a known metabolism. However, some learning is 
required before the tool can be used efficiently and the predictions from the model are not 
always correct. For the predictions to be somewhat reliable, the model must be representative 
of the metabolism occurring in the cell, and the reaction pathway for the desired product must 
be well characterized with regard to stoichiometry and involved metabolites. If all 
characteristics of the production system are not known, it is relatively easy to model the most 
likely alternatives and find any common ground between them. 
 
If the model is not based on complete data, the predictions from the model may not be correct, 
as seen from the knockout experiment. As the redox specificity of the reductase was not 
known, the predictions were based on improving the availability of acetyl-CoA, which was 
not the limiting metabolite at batch conditions. Thus, the knockouts did not improve the yield 
of 3HB. 
 
Increasing the complexity of a model by adding additional layers, such as thermodynamics or 
kinetics, can be an efficient strategy in widening the search for improved productivity. 
However, the predictions made from the thermodynamic model have to be investigated before 
anything can be said about its validity. 
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Appendix	  

The	  function	  used	  to	  optimize	  thermodynamic	  models	  
 
function solution=optimizeTMFA(model) 
%stating constants 
R=1.9872041E-3; T=298; Vmax=1000; K=100; 
%Extracting components of the LHS matrix 
N=model.S; Gstd=model.Gstd; Error=model.Error; 
%Correcting for reactions with unknown Gibbs free energy 
ind=find(isnan(Gstd)); Gstd(ind)=-10000; Error(ind)=0; 
%Find matrix sizes 
m=size(N,1); r=size(N,2); minActivity=model.lblnX; maxActivity=model.ublnX; 
%LHS matrix 
Part1=[N            zeros(m,r)      zeros(m,r)  zeros(m,r)  zeros(m)    ]; 
Part2=[eye(r)       -Vmax*eye(r)    zeros(r)    zeros(r)    zeros(r,m)  ]; 
Part3=[zeros(r)     K*eye(r)        eye(r)      zeros(r)    zeros(r,m)  ]; 
Part4=[zeros(r)     zeros(r)        eye(r)      eye(r)      -R*T*N'     ]; 
%introduce conditions so that the forward and reverse reactions cannot 
%occur at the same time, despite both having deltaG=0 
errorCorr=zeros(r); 
for itr=1:r; 
    if ~isempty(strfind(model.rxns{itr},'_f')) 
        errorCorr(itr,itr)=1; errorCorr(itr,itr+1)=1; 
    end 
end 
Part5=[zeros(r) errorCorr zeros(r) zeros(r) zeros(r,m) ]; 
  
%Create LHS matrix 
MILPproblem.A = [Part1; Part2; Part3; Part4; Part5]; 
%RHS vector 
MILPproblem.rhs = [zeros(m,1); zeros(r,1); K*ones(r,1); Gstd'; ones(r,1)]; 
%Constraint sense relating RHS to LHS 
MILPproblem.sense= [repmat('=',m,1); repmat('<',2*r,1); repmat('=',r,1); 
repmat('<',r,1)]; 
%Set biomass optimization 
MILPproblem.obj = [abs(model.c); zeros(3*r,1); abs(model.clnX)]; 
if or(sum(model.c)==1,sum(model.clnX)==1) 
    MILPproblem.modelsense='max'; 
else 
    MILPproblem.modelsense='min'; 
end 
%Set the variable types for variable vector (v) 
MILPproblem.vtype = [repmat('C',r,1);repmat('B',r,1);repmat('C',2*r+m,1)]; 
%Set lower bounds for v 
MILPproblem.lb=[model.lb;zeros(r,1);-1E10*ones(r,1);-0*Error';minActivity]; 
%Set upper bounds for v 
MILPproblem.ub=[model.ub;ones(r,1);1E10*ones(r,1);0*Error';maxActivity]; 
%Stating solver parameters and solving the problem 
params.OutputFlag = 0; params.DisplayInterval = 5; params.IntFeasTol=1E-9; 
params.FeasibilityTol=1E-9; solution = gurobi(MILPproblem,params); 
%Sorting out the solutions 
if strcmp(solution.status,'OPTIMAL') 
    solution.v=solverSolution.x(1:r); solution.z=solverSolution.x(r+1:2*r); 
    solution.Gr=solverSolution.x(2*r+1:3*r); 
    solution.Error=solverSolution.x(3*r+1:4*r); 
    solution.lnX=solverSolution.x(end-m:end); 
    solution.obj=solverSolution.objval; 
    solution.model=model; 
    solution.ind=ind; 
end 
end 
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