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a b s t r a c t

There is currently a strong interest to derive the biological precursor cis,cis-muconic acid from shikimate
pathway-branches to develop a biological replacement for adipic acid. Pioneered by the Frost laboratory this
concept has regained interest: Recent approaches (Boles, Alper, Yan) however suffer from low product titres.
Here an in silico comparison of all strain construction strategies was conducted to highlight stoichiometric
optimizations. Using elementary mode analysis new knock-out strategies were determined in Saccharomyces
cerevisiae and Escherichia coli. The strain construction strategies are unique to each pathway-branch and
organism, allowing significantly different maximum and minimum yields. The maximum theoretical product
carbon yields on glucose ranged from 86% (dehydroshikimate-branch) to 69% (anthranilate-branch). In most
cases a coupling of product formation to growth was possible. Especially in S. cerevisiae chorismate-routes a
minimum yield constraint of 46.9% could be reached. The knock-out targets are non-obvious, and not-
transferable, highlighting the importance of tailored strain construction strategies.
& 2014 The Authors. Published by Elsevier B.V. International Metabolic Engineering Society. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Background

Adipic acid is a main precursor for the production of nylon-6,6
and polyurethanes. To date it is still derived from the precursor
benzene in a process of oxidation of cyclohexane to cyclohexanol/
cyclohexanone (EPA, 1994; Musser, 2005). While these precursors
are all petro-chemistry based and thus non-sustainable, the
further oxidation with nitric acid has an additional environmental
impact as the greenhouse gas N2O is a large by-product in this
process (Alini et al., 2007; Mainhardt and Kruger, 2000). Recently

emerging patents (Boussie et al., 2010; Burgard et al., 2012;
Picataggio and Beardslee, 2012; Raemakers-Franken et al., 2012),
papers and reviews (Chen and Nielsen, 2013; Polen et al., 2013)
emphasize the strong scientific and commercial interest to
develop a biological replacement for fossil fuel based adipic acid.

A possible replacement precursor is the metabolic intermediate
cis,cis-muconic acid (ccMA) which can efficiently be converted to
adipic acid via hydrogenation with a yield of 97% (moladipate/
molccMA) (Niu et al., 2002). Biotechnological production of ccMA
recently experienced a renaissance with the original route estab-
lished in the late 1990s (Draths and Frost, 1994; Frost and Draths,
1996; Niu et al., 2002) being implemented in yeast (Curran et al.,
2013; Weber et al., 2012) and a new route being introduced in
E. coli (Lin et al., 2014; Pugh et al., 2014; Sun et al., 2013, 2014).
Microbial ccMA production through benzoate degradation in
Pseudomonas putida (Choi et al., 1997) has also been explored.
Though effective in terms of maximum titre 32 g/L (Bang and Choi,
1995) and yield 91% (Schmidt and Knackmuss, 1984), benzoate,
however, can hardly be considered a sustainable feedstock.

1.1. Muconic acid production via the shikimate pathway

From the shikimate pathway five stoichiometrically unique
routes lead to ccMA (Fig. 1). In this study the routes were named
according to the key intermediates in the respective pathways:
dehydroshikimate¼DHS-pathway; anthranilate¼ANTH-pathway;
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2,3-dihydroxybenzoate¼DHBA-pathway; salicylate¼SA-pathway
and para-hydroxybenzoate¼pHBA-pathway. The latter four have
in common to proceed via chorismate and are therefore collec-
tively referred to as chorismate derived routes. All routes branch of
from shikimate pathway at different intermediates (protocatech-
uate, anthranilate, isochorismate, para-hydroxybenzoate) and dif-
fer in their co-factors and co-metabolites, which makes a
significant difference for stoichiometric carbon yields as well as
in terms of energy demand and redox equivalents required for
ccMA synthesis.

The production of ccMA via shikimate pathway from sugar in
E. coli was initially reported by Frost and Draths (1996). The
optimized process showed high maximum titres of 36.8 g/L, pro-
duct yields were comparatively high with 22% (molccMA/molglucose)
(Niu et al., 2002). The pathway was established in two steps
outgoing from dehydroshikimate (DHS), via protocatechuate and
catechol (Fig. 1 branch a) by means of the aroZ gene from Klebsiella
pneumoniae encoding dehydroshikimate dehydratase, the aroY gene
from K. pneumoniae encoding protocatechuate (PCA) decarboxylase
and the catA gene from Acinetobacter calcoaceticus encoding
catechol 1,2-dioxygenase. The levels of the entry metabolites to
shikimate pathway phosphoenolpyruvate (PEP) and erythrose
4-phosphate (E4P) were increased and a feedback inhibition resis-
tant deoxy-arabino-heptulosonate-7-phosphate (DAHP) synthase

was overexpressed. Further, blocking of the pathway below DHS
through deletion of the DHS dehydrogenase gene aroE, directed
carbon flux to ccMA.

Though no less elaborate, recent approaches employing the
same pathway in the yeast S. cerevisiae were so far unable to
achieve comparable titres and yields of ccMA (141 mg/L, 8 0.9%
carbon yield (Curran et al., 2013) and 1.56 mg/L, 8 0.01% carbon
yield (Weber et al., 2012)).

In Weber et al. (2012) partial deletion of ARO1 (corresponds to
the E. coli aroE analogous domain which in yeast is part of a penta-
functional enzyme, encoded by ARO1 that mediates stepwise the
conversion of DAHP to EPSP via DHS (Weber et al., 2012)) blocked
the conversion of 3-dehydroshikimate into shikimate. A DHS
dehydratase from Bacillus thuringiensis (aroZ), a PCA decarboxylase
composed of three different subunits encoded by the genes B, C
and D taken from K. pneumoniae (aroY) and a catechol
1,2-dioxygenases from Acinetobacter radioresistens (catA) com-
posed the pathway. The bottleneck here was the first step: Only
very low PCA levels o 7 mg/L could be detected (Weber et al.,
2012), which limit the overall ccMA titre.

In Curran et al. (2013) the DHS dehydratase was taken from
Podospora anserina and the PCA decarboxylase from Enterobacter
cloacae. A catechol 1,2-dioxygenase from Candida albicans completed
the DHS-pathway. Knock-out of ARO3 and overexpression of a

Fig. 1. Shikimate pathway with routes to muconic acid. Shikimate pathway outgoing from the precursors E4P and PEP with routes to ccMA including co-factors in each step.
Adjacent pathways not involved in ccMA synthesis are greyed out. Triple arrows indicate multiple steps. The DHS-pathway (a) proceeds via protocatechuate outgoing from
3-dehydroshikimate, while the ANTH-pathway (b) branches off further downstream from chorismate via anthranilate. The DHBA-pathway (cI) and the SA-pathway (cII) both
proceed via isochorismate. A route linking the chorismate derived routes with the DHS-pathway is the pHBA-pathway (d). Although all routes lead to formation of catechol
prior to ring opening release of ccMA, the involved co-factors and metabolites to catechol formation are essentially different.
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feedback-resistant ARO4 (DAHP synthase) increased overall flux to
aromatics.

Furthermore flux balance analysis was utilized in Curran et al.
(2013) to pursue further optimizations: When flux was directed
through glucose-6-phosphate dehydrogenase (G6PD) the transketo-
lase would form fructose-6-phosphate (F6P) and glyceraldehyde-3-
phosphate from erythrose-4-phosphate and xylulose-5-phosphate.
This resulted in a decreased theoretical carbon yield of 60.9%
(Curran et al., 2013). Based on these findings pentose phosphate
pathway was modified: Deletion of ZWF1, the gene coding for G6PD
(R24 in supplementary File 2), would result in carbon flux to enter
pentose phosphate (PPP) pathway via transketolase (R31 in supple-
mentary File 2). The gene coding for this (TKL1) was over-expressed in
order to favour this. Thus, by blocking the channelling of G6P into PPP
and favouring the conversion of pentoses into E4P, flux to shikimate
pathway would increase through higher E4P levels derived from F6P.

Also production of ccMA in E. coli via the anthranilate branch of the
shikimate pathway (Fig. 1 branch b) could only achieve 390mg/L
ccMA on a glucose and glycerol co-feed (Sun et al., 2013) (equivalent to
4% total carbon product yield). Here the route via the tryptophan
precursor anthranilate was established downstream of chorismate.
This was done by cloning an anthranilate 1,2-dioxygenase from
Pseudomonas aeruginosa (encoded by the antABC gene cluster, cloned
as an operon) and a catechol 1,2-dioxygenase (catA1) from Pseudomo-
nas putida in E. coli. Tryptophan biosynthesis was blocked and
glutamine synthase was over-expressed in order to strengthen gluta-
mine regeneration, required for anthranilate formation.

The same group recently established two more variations of this
route, both partially utilize the siderophore-biosynthesis pathway,
outgoing from isochorismate (Fig. 1 branch c): Via 2,3-dihydroxyben-
zoic acid (cI) a slightly increased titre of 480 mg/L ccMA on a glucose
and glycerol co-feed (Sun et al., 2014) (equivalent to 4.95% total carbon
product yield) was achieved. Overexpression of entCBA lead to forma-
tion of 2,3-dihydroxybenzoic acid, from here a 2,3-dihydroxybenzoate
decarboxylase from Klebsiella pneumonia catalysed the formation of
catechol. Via salicylic acid (cII) degradation, a greatly increased ccMA
titre of 1500mg/L on a combined glucose/glycerol C-source (Lin et al.,
2014) (equivalent to 15.48% total carbon product yield) could be
reached. The strain was constructed outgoing from NST 74, a pheny-
lalanine over-producing strain: First aromatic amino acid biosynthesis
was blocked, then carbon flux was redirected and production of ccMA
established by means of three modules: Phosphoenolpyruvate
synthase (ppsA), transketolase 1 (tktA), a feedback inhibition resistant
3-deoxy-D-arabino-heptulosonate-7-phosphate synthase (aroG) and
shikimate kinase II (aroL) were overexpressed to improve overall flux
to shikimate pathway. Further isochorismate synthase (entC) from
E. coli and the isochorismate pyruvate lyase (pchB) from Pseudomonas
fluorescens were overexpressed to establish salicylic acid production.
Finally a salicylate 1-monoxygenase (nahG) from P. putida DOT-T1E
and a catechol 1,2-dioxygenase from P. putida KT-2440 (catA1) were
implemented to complete the pathway to ccMA.

Another route to ccMA leads from chorismate via pHBA to PCA,
from here the steps coincide with the DHS-pathway (Fig. 1 branch d).
Recently it has been shown in E. coli that PCA and catechol can be
produced this way, with the highest yield being that of catechol at a
titre of 451 mg/L (Pugh et al., 2014) (equivalent to 3.69% total carbon
product yield). Engineering was also based on the phenylalanine over-
producing strain NST 74. Overexpression of chorismate lyase, by
means of ubiC, initiated the pathway, a pHBA hydroxylase (pobA)
from Pseudomonas aeruginosa and a protocatechuate decarboxylase
from Enterobacter cloacae completed it. To further increase flux to the
target compounds the chorismate mutase/prephenate dehydratase
(pheA) was disrupted.

While all these routes feature a sophisticated rearrangement of
bioconversions on the way to ccMA, they mostly focus on shikimate
pathway locally and are based on obvious knock-out targets and

modifications to shift flux distribution within the pathway. The only
direct approach to incorporate modifications that are not located
within the shikimate pathway is reported by Curran et al. (2013)
(knock-out of ZWF1 and overexpression of TKL1). Other attempts
that can indirectly be seen as more general approaches on metabolic
engineering are to strengthen glutamine regeneration in order to
favour anthranilate formation (R65 in supplementary File 3) by Sun
et al. (2013) and to overexpress the phosphoenolpyruvate synthase
and transketolase 1 by Lin et al. (2014) to channel carbon flux to
shikimate pathway. Yet the beneficial impact of these modifications
cannot be easily foreseen without holistic insight. E.g. transamina-
tion is a very common process in many pathways and global effects
are unknown.

Given the fact that shikimate pathway is deeply anchored in
central metabolism a more rational approach considering the
whole metabolism at once could open unknown opportunities to
increase production with less effort by e.g. identifying one or two
essential knock-out targets in order to significantly minimize the
possible metabolic adjustments of the organism and force it into a
state of product formation. It will also help to identify crucial
elements of the metabolism which serves a better understanding
of its peculiarities.

Many computational approaches exist to determine knock-out
targets, e.g. the bi-level programming framework OptKnock (Burgard
et al., 2003) or the more recent OptFlux (Rocha et al., 2010), which
combines strain optimization tasks with pathway analysis. A recent
example for model-guided network engineering on yeast shikimate
pathway (Brochado and Patil, 2013) shows the potential of these
approaches. The issue with these tools is that only one particular
solution is computed, resulting in a narrow solution space that draws
an incomplete picture of the cells resulting metabolism, thus these
tools are considered biased (Lewis et al., 2012).

This can explain the issues of the optimization strategy in
Curran et al. (2013): Elimination of a route leading to a reduced
maximum yield (deletion of ZWF1) is necessary, but may not be
sufficient in order to create a metabolism that operates at high
yields. It is still unforeseeable in which other states the cell may be
able to operate, potentially evading a high-yield metabolism.

This can be addressed by determining the complete solution space
e.g. with elementary mode analysis (EMA) (Schuster and Hilgetag,
1994). In EMA an array of flux distributions can be compared, which
makes it possible to assess the reduction of metabolic freedom
(minimum/maximum product/biomass yields) in favour of product
formation. This delivers a more universal description of the metabo-
lisms degree of freedom after application of the respective deletions.
Outgoing from this, a minimum efficiency network may be designed
through minimizing the metabolic functionality. That this can be
applied in vivo was shown in Trinh et al. (2008).

We used elementary mode analysis (EMA) by means of EFMTool
(Terzer and Stelling, 2008), combined with a new method using a
holistic approach to compute constrained minimal cut sets (cMCs)
(Hadicke and Klamt, 2011). These cut sets represent all available
genetic intervention strategies to introduce a constraint that allows a
minimum efficiency greater than zero in respect to the desired
product. That this concept can be easily transferred and applied to
various strain optimization problems shows e.g. the study in
Gruchattka et al. (2013). We decided to allow a maximum of five
gene deletions to keep the deletion strategy realistic in respect to
experimental effort.

2. Results

Not only the knock-out targets but also the availability of a
feasible strategy depends as much on the pathway as on the
organism0s individual metabolism. This resulted in significant
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differences in the maximum and minimum yields that could be
achieved in the different scenarios.

The maximum yields of the pathways were essentially different
in both organisms. The highest theoretical carbon yield (Ymax) of
the product in respect to the substrate glucose was obtained for
the DHS-pathway with 85.7% (0.676 gccMA/gglucose). For chorismate
derived pathways most yields were significantly lower and varied
between 68.8% (0.5427 gccMA/gglucose) for the ANTH-pathway in
E. coli and 80% (0.631 gccMA/gglucose) for the DHBA-pathway in
S. cerevisiae. When comparing the two organisms, S. cerevisiae
performed generally slightly better than E. coli. This is most
significant when comparing the Ymax that also allows growth
(formation of biomass), e.g. for the DHS-pathway Ymax with
biomass is 5.35% lower in E. coli than in S. cerevisiae (cf. Fig. 3E
vs. Fig. 2E). All yields can be found in the figures of the respective
networks EFM distribution or in supplementary Table 1.

For comparability with the results obtained in Lin et al. (2014)
and Sun et al. (2013, 2014) the Ymax0 on glucose and glycerol
co-feed were calculated for E. coli. These can also be found in
supplementary Table 2. These were slightly higher (e.g. 89.6% for
the DHS-pathway and 73.3% for the ANTH pathway). Carbon
sources different to glucose were not subject to further analysis.

The respective approaches failed to reach these maxima by a
big margin. The dashed green vertical lines in Fig. 2A and B
indicate the yields reached in Weber et al. (2012) and Curran
et al. (2013) respectively. For the approaches in E. coli the yields are
indicated in the same way in suppmentary Fig. 5A for Niu et al.
(2002), Fig. 5D for Sun et al. (2013), suppementary Fig. 5F for Sun
et al. (2014) and supplementary Fig. 5H for Lin et al. (2014).
In order to optimize flux distribution of the metabolisms to favour
a higher yield, knock-out targets were determined for each path-
way in both organisms. The respective Ymax and Ymin of the knock
out networks are indicated on the respective figures or can be
found in supplementary Tables 3 and 4.

2.1. Two knock-out targets favour high yield metabolism
in S. cerevisiae DHS-pathway

The effect of the deletion of ZWF1, previously applied in vivo
(Curran et al., 2013), was investigated. As can be seen from Fig. 2B
the deletion of ZWF1, encoding for G6PD (cf. suppementary File 1,
R24) eliminates a large number of high biomassþ low product
yield modes, as desired. This effect can be expanded when
combining a G6PD deficiency with a deletion of the glycerol-3-
phosphate dehydrogenases (GPDH) (R43) as can be seen in Fig. 2D.
Although this removed the bulk of modes with a product yield less
than 40%, still a large number of modes with zero product yield
remains. No cut sets with five or less knock-out targets could be
determined that would result in a minimum efficiency different
from zero in respect to the product.

2.2. Two essential knock-outs enforce yield maximization
in S. cerevisiae chorismate derived pathways

For the routes via chorismate a coupling of product formation
to central metabolism was possible, allowing the introduction of a
minimum yield constraint to the metabolism. In particular dele-
tion of the pyruvate kinases (PYK) (cf. suppementary File 1, R23)
leaves no other source for cytosolic pyruvate formation than the
release of pyruvate during product formation. The effect can be
seen in Fig. 2G exemplary for the ANTH-pathway, where a Ymin of
28.4% was obtained (DHBA-, SA- and pHBA pathway are analogue,
cf. suppementary Figs. 6 and 7). When combined with a deletion of
the GPDH (R43) (which eliminated glycerol formation) Ymin

increased even further to 46.9% (Fig. 2H). Ymax was unaffected,

remaining at 65.8% with/70.4% without formation of biomass
(compare Fig. 2E with H).

2.3. Constraining the minimum yield diminishes the maximum yield
in E. coli DHS-pathway

Four minimal cut sets could be found that result in two
different flux distributions with a minimum efficiency greater
than zero. The knock-out of glucose-6-isomerase (GPI) and phos-
phogluconate dehydrogenase (PGD) (cf. supplementary File 1, R18
and R33) was essential, while the final scenarios could be obtained
with the knock-out of either phosphoglycerate mutase (PGM)
(R25) or enolase (ENO) (R26) (Fig. 3C) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (R23) or phosphoglycerate
kinase (PGK) (R24) (Fig. 3D). This results in Ymins of 71.6% and
73.3% respectively, while Ymax was reduced to just below 75%. No
cut set with five or less knock-outs that did not diminish Ymax

could be found.

2.4. An alternative knock-out strategy preserves the maximum yield
in E. coli chorismate derived pathway

For E. coli ANTH-pathway four cut sets consisting of three knock-
out targets analogous to the DHS-pathway could be found: The
knock-out of the GPI and the transaldolase (TAL) (cf. supplementary
File 1, R18 and R37) is essential, while the same redundant targets
PGM or ENO (R25 and R26) and GAPDH or PGK (R23 and R24) as in
the DHS-pathway deliver two different flux distributions (Fig. 3G
and H). Ymin was 44.9% and 47.5%, respectively. However, enforcing a
Ymin came along with a great reduction in number of modes and,
above all, Ymax, which was reduced to just below 50%, almost 20%
less than in the original metabolism.

In search for knock-out targets that would preserve Ymax and
result in a similar pattern as for S. cerevisiae a second strategy was
determined, resulting in a cut set with five knock-out targets.
In particular the pyruvate forming reactions of the PTS (cf.
supplementary File 1, R16), PYK (R27), 2-dehydro-3-deoxy-phos-
phogluconate aldolase (EDA) (R32) and the malic enzymes (MAE)
(R54 and R55) were identified as compulsory knock-out targets
(Fig. 4G). In addition, deletion of the fumarate reductase (FRD)
(R47) allowed Ymin to be raised from 5.2% to 25% (Fig. 4H). This
knock out strategy was also applicable to the other chorimate
derived pathways (cf. supplementary Figs. 8 and 9).

3. Discussion

The advantage of the DHS-pathway over the chorismate
derived pathways in terms of higher yield can be explained with
the higher energy demand of the latter. In particular the DHS-
pathway has no need for co-factors other than O2 and the
shikimate-pathway substrates PEP and E4P (cf. Fig. 1). Chorismate
derived pathways have direct demand for two NADPH and one
ATP (cf. Fig. 1). In addition a second PEP is required, which is
equivalent to the demand for two ATP (if regeneration from PYR is
assumed, cf. supplementary File 3 R28 and R74). Indirectly the
ANTH-pathway needs another ATP, as the transamination step
(supplementary File 2 R104b, supplementary File 3 R84b) requires
regeneration of glutamate to glutamine (supplementary File 2 R86,
supplementary File 3 R65). This also explains the advantage of the
pHBA-pathway and the isochorismate derived routes, as these
they do not involve a transamination. In addition, in the DHBA-
pathway, which features the highest yield of all chorismate
derived pathways, an additional redox equivalent in form of NADH
is gained.
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In order to explain the low and extremely low product yields
obtained by Curran et al. (2013) and Weber et al. (2012), distribu-
tion of modes has to be considered with the objective of a

microorganism in mind: Naturally it will always try to maximize
its growth (here the biomass). Looking at the product vs. biomass
yield plots (Figs. 2–4) it becomes clear that maximization of

Fig. 2. Yield vs. biomass plots of knock-out strategies for S. cerevisiae. Product vs. biomass yield plots of the EFM distribution of S. cerevisiae DHS- and ANTH-pathway
networks. For each pathway four scenarios are shown, comparing the wild type with the determined knock-out metabolism, key data as well as respective knock-outs are
indicated on the charts. Each point in a chart corresponds to the specific product and biomass yield of the respective elementary flux mode. Yields are carbon yields in %.
A dashed vertical line indicates currently achieved product yields in the respective approaches.
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Fig. 3. Yield vs. biomass plots of knock-out strategies for E. coli. Product vs. biomass yield plots of the EFM distribution of E. coli networks. For each pathway four scenarios
are shown, comparing the wild type with the determined knock-out metabolism, key data as well as respective knock-outs are indicated on the charts. Each point in a chart
corresponds to the specific product and biomass yield of the respective elementary flux mode. Yields are carbon yields in %.
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growth involves drain of flux from product formation, which is
thus minimized: The two extremes high product yield and high
biomass yield are mutually exclusive.

The lowest carbon yield is obtained by Weber et al. (0.01%).
Looking at the distribution of modes of the respective network
(Fig. 2A) this is no surprise, as the applied strategy does not
constrain the Ymin. (Curran et al., 2013) apply the ZWF1 knock-out,
taking out the G6PD (Fig. 2B) in order to favour a higher carbon
yield. This knock-out is also confirmed in this study as an essential
requirement to optimize the pathway. When the elementary flux
modes (EFMs) for this network are analysed (Fig. 2B) though, it
becomes evident that this is not sufficient: Still every distribution
of a product carbon yield between 0% and 85% is possible, while
the majority features a low yield. From a stoichiometric viewpoint,
this can explain why the in vivo product carbon yield of Curran
et al. (0.9%), though almost 100-fold higher than in any other study
in S. cerevisiae, still remains below the potential of the pathway.
To overcome this problem it needs to be approached from a
different angle, in order to actually make use of the microorgan-
ism's goal to maximize its growth, as explained in the following.

3.1. Metabolic peculiarities of S. cerevisiae facilitate knock-out
strategies

During the elementary mode analysis (EMA) it became obvious,
that out of the two precursors for the shikimate pathway, PEP and
E4P, the former is crucial. This has already been realized by Niu
et al. (2002) where a difference in theoretical maximum yields of
43% was determined, depending on the availability of PEP. For
production of one mole ccMA, one mole of PEP is consumed in the
DHS- and two moles in the chorismate derived branches of the
shikimate pathway, while only one E4P is needed. In the pathways

via chorismate per mole ccMA one mole PYR is released again.
If PYR production in central metabolism is taken out, flux to
product needs to be proportionally high in order to obtain enough
PYR to feed central metabolism. Why is this knock-out strategy
now so applicable to and effective in S. cerevisiae? The explanation
lies in the nature of the eukaryote's metabolism. It is possible
because in yeast central metabolism no pyruvate producing reac-
tions other than PYK and MAE exist. Apart from the products of
shikimate pathway only the biosynthesis of glycine from glyox-
ylate, the homocysteine production through transsulfuration and
the degradation of alanine and serine also produce pyruvate
(Cherry et al., 2012). The anabolic pathways (glycine and homo-
cysteine) are linked to biomass formation themselves and there-
fore cannot provide additional PYR in order to increase biomass
formation. Alanine itself is made from PYR and therefore cannot be
regarded an alternative source of PYR while the serine degradation
pathway is used for the degradation of extracellular serine as the
sole nitrogen source. In addition, it is unique to the shikimate
pathway that PEP is a substrate, while all other pyruvate produ-
cing reactions start from different metabolites. Also the S. cerevi-
siae compartmentalization is an advantage, as the malic enzyme is
localized in the mitochondria (Boles et al., 1998) it does not have a
direct influence on the cytosolic shikimate pathway. Thus coupling
of product formation to central metabolism is in silico possible
with deletion of only one target (PYK) when using pathways via
chorismate for production. Not only the increase in availability of
PEP as an educt (which is the main focus in common strain
construction strategies), but also the formation of PYR as by-
product is essential in order to realize this knock-out strategy. By
taking out the conversion of PEP to PYR in central metabolism the
shikimate pathway replaces this function, thus enforcing product
formation.

Fig. 4. Yield vs. biomass plots of alternative knock-out strategy for E. coli ANTH-pathway. Product vs. biomass yield plots of the EFM distribution of E. coli networks. Four
scenarios are shown, comparing the wild type with the determined knock-out metabolism, key data as well as respective knock-outs are indicated on the charts. Each point
in a chart corresponds to the specific product and biomass yield of the respective elementary flux mode. Yields are carbon yields in %.
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3.2. Feasibility of theoretical knock-out targets for practical
application

In the strain construction strategy pictured in this study for
pathways via chorismate in S. cerevisiae, cytosolic PYR can only be
derived in combination with product formation. This is based on
current knowledge, assuming that PYR cannot readily cross the
mitochondrial membrane back into the cytosol. While the struc-
ture responsible for the uptake of pyruvate into the mitochondria
has recently been revealed (Bricker et al., 2012; Herzig et al., 2012),
the reverse, that is export of PYR from mitochondria into the
cytosol, has not been reported to date. Although studies of a PYK
knock-out mutant indicate that PYR formed by MAE in the
mitochondria can have an influence on cytosolic central metabo-
lism to some extent (Boles et al., 1998), growth of the mutant is
only possible on lactate or ethanol and glycerol as carbon source
(Boles et al., 1997). Thus, even if transport of mitochondrially
formed PYR into the cytosol would be possible, in case of glucose
feed, carbon would have to pass through glycolysis and shikimate
pathway with product coupling first, before malate would be
available to MAE. Only in case of ethanol or lactate feed flux could
enter the TCA-cycle downstream of PYR, thus allowing circumven-
tion of product formation.

A possible concern when arguing that product formation is
coupled to central metabolism is that formation of PYR does not
occur during the final step of ccMA formation. E.g. in case of
ANTH-pathway it could be sufficient for the organism to proceed
to anthranilate in order to obtain PYR, thus rather accumulating
anthranilate than ccMA. From a thermodynamic point of view this
is unlikely as the ΔrG01s for the two subsequent reactions from
anthranilate to ccMA are extremely negative (Flamholz et al.,
2012), meaning the reaction equilibrium is largely on product
side. A high anthranilate concentration would even boost this,
favouring the pathway to proceed to the end product ccMA. The
same applies for the SA-pathway, while for the DHBA- and the
pHBA-pathway, which both proceed via different isomers of
dihydroxybenzoic acid, the ΔrG01 of the reaction to catechol is
close to 0. This may give preference to the ANTH- and the SA-
pathway, although their yields are lower.

Further concerns are related to in vivo application difficulties of
the identified knock-out targets in S. cerevisiae. Deletion of the
paralogs coding for the two PYK isozymes (see supplementary
Table 5 for more details) results in a severe growth defect (Boles
et al., 1997). The same applies for the two GPDH isozymes
(Hubmann et al., 2011). For GPDH a knock-down strategy exists that
retains a viable metabolism while almost completely inhibiting
glycerol formation (Hubmann et al., 2011). When combining this
with an overexpression of the alternate PYR synthesis route (that is
the product pathway) this should enable growth again. In terms of
PYK also regulatory factors play a role, as not both isozymes are
always expressed to the same level at the same time (Boles et al.,
1997), so that deletion of CDC19 only could be sufficient.

3.3. Metabolic peculiarities of E. coli hinder knock-out strategies

The knock-out strategy for E. coli DHS-pathway and the first
one for ANTH-pathway similarly introduce a minimum yield
constraint: Biomass formation is limited by forcing all flux through
the EDP. For this the deletion of GPI is essential in both cases and
blocks the entrance (R18) of glycolysis. In DHS-pathway the
oxidative part of PPP is blocked through knock-out of PGD (R33)
(Fig. 3B), for the ANTH-pathway deletion of TAL (R37) has a similar
effect (Fig. 3F). The further four alternative knock-outs PGM, ENO,
GAPDH and PGK (R23–26) constrain flux to the biomass precursor
3-PG from either side, resulting in a very narrow distribution of
modes. This is not very elegant and results in a massive reduction

of Ymax, but also leaves the cell minimal metabolic freedom to
adjust to its’ environmental settings. Therefore the value of this
strategy for in vivo application is questionable. This extremely
constraining knock-out strategy also explains the reduction of Ymax

and underlines that not always the shortest intervention strategy
is necessarily also the best. That a longer cut set can sometimes
also be of advantage is outlined in the following.

An alternate knock-out strategy can preserve Ymax in the ANTH-
pathway (and the other chorismate derived pathways) and results
in similar coupling of product formation to growth as in
S. cerevisiae. However the PEP-pyruvate node in E. coli is signifi-
cantly different from S. cerevisiae and three additional PYR produ-
cing reactions (PTS, EDA, MAE) besides PYK hamper the
application of the same knock-out strategy. A knock-out of the
phosphotransferase system is known in literature (Escalante et al.,
2012) allowing a change of glucose uptake mechanism especially if
combined with overexpression of hexose permease (Hernandez-
Montalvo et al., 2003). Also combinations of PTS and PYK knock-
out (Lee et al., 2005) have been applied successfully, especially in
respect to production of aromatic amino acids (Gosset et al., 1996;
Meza et al., 2012; Papagianni, 2012). Of the remaining targets (EDA
and MAE) each of the single knock-outs is possible (Baba et al.,
2006). However more combinations of these knock-out targets
have to our knowledge not been described so far. This could be due
to the extensive mutations in central metabolism having unpre-
dictable consequences, even though modelling predicts that the
resulting metabolism should be viable (see supplementary Table 5
for more details on genes coding for the respective enzymes).

Further, formation of succinate as by-product has been identi-
fied as one of the major features in modes with low product yields
(Fig. 4G). Succinate, a product of mixed acid fermentation in E. coli,
is in these modes formed by R47 (cf. supplementary File 1). It can
drain carbon flux from shikimate pathway, as it is obtained from
PEP in four steps via oxaloacetate, malate and fumarate (Thakker
et al., 2012). The enzyme identified as knock-out target (FRD) is
only active under anaerobic conditions while the TCA cycle is
inactive (aerobically succinate is only produced if the glyoxylate
cycle is active) (Cecchini et al., 2002; Thakker et al., 2012).
A knock-out may not be necessary as aerobic fermentation is
obligatory for ccMA formation (in the last step oxygen is incorpo-
rated in the ring structure of catechol between the two hydroxyl
groups, thus releasing ccMA).

One possible approach to facilitate critical knock-outs is the
knock-down of the respective target genes. sRNAs in E. coli can be
utilized for posttranscriptional repression of a gene (Sharma et al.,
2013). Although more difficult in prokaryotes due to the lack of a
nucleus, which shortens the timeframe for interactions of the
sRNAs with the mRNA between transcription and translation
significantly, it is still a promising approach. It results in attenua-
tion rather than full silencing, which is here important to retain a
basal activity of critical target genes. This could be combined with
an inducible system (a wealth of approaches exists for induced
expressions in E. coli (Baneyx, 1999)) in order to further facilitate
the cultivation of the strain.

So far it has only been discussed which reactions need to be
taken out additionally in respect to yeast in order to also couple
product formation to central metabolism. But why is a yield
reduction observed in the knock-out strategy for the DHS-
pathway and the first ANTH-pathway knock-out strategy in E. coli
(Fig. 3)? This is due to limited possibilities to recycle PYR, which
exits shikimate pathway, back into central metabolism. Of the
replenishing reactions that fill up the PEP-pyruvate-oxaloacetate
node in E. coli (Papagianni, 2012; Sauer and Eikmanns, 2005) only
the phosphoenolpyruvate carboxykinase (PCK) and the PPS
remain. Thus the formation of PEP can either happen from PYR
at the expense of two ATP equivalents (PPS) or from oxaloacetate
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(PCK). In contrast to S. cerevisiae, E. coli does not possess a pyruvate
carboxylase which incorporates one CO2 into PYR to form
oxaloacetate.

Only two options remain to convert PYR to OAA: One way is to
further metabolize the PYR via acetyl-CoA. This leads to decarbox-
ylation. The acetyl-CoA can then only be assimilated via the
glyoxylic shunt and one-third of the carbon is lost as CO2. The
other possibility for PYR conversion to OAA is the reverse opera-
tion of MAE in concert with the malate dehydrogenase and PCK,
which would lead to a carbon neutral but ATP dependent conver-
sion of PYR back to PEP. Because of the lower energy demand and
the absence of CO2 formation, the final option has a higher carbon
yield. The in vivo observation that the MAE is up-regulated in a
fully PYK deficient E. coli mutant and the PCK is also highly active
(Emmerling et al., 2002) supports this.

4. Conclusions

When using pathways via chorismate it was possible to apply a
minimum yield constraint with as little as one knock-out in
S. cerevisiae without any loss in Ymax. Although the Ymax of the
DHS-pathway is higher, only the chorismate derived pathways
allow for this strain construction strategy. In E. coli five knock-outs
are necessary to achieve a similar picture without drop in Ymax.
Therefore yeast seems to be the favourable organism for produc-
tion of ccMA in terms of knock-out strategies.

This study not only highlights the importance of pathway
choice, but also clearly points out how differences in central
metabolism of the host organism can affect a synthetic pathway.

5. Methods

5.1. Elementary flux mode analysis

EFMs were calculated using EFMTool 4.7.1 (Terzer and Stelling,
2008) freely available from http://www.csb.ethz.ch/tools/efmtool
in MATLAB R2012b (The MathWorks, Natick, USA) on the HPC
cluster (Barrine) of the University of Queensland using a node with
four eight core X7550 CPUs @ 2 GHz and 1024 GB of 1066 MHz
RAM running a PBSPro batch system. Each mode represents a
feasible, steady-state, flux distribution of a metabolic network. The
maximum carbon yields of the different elementary modes were
calculated in MATLAB by drawing carbon balances around the
transport reactions into and out of the network. The yield for each
product in each mode is defined by:

Yieldproduct ¼ FluxproductCarbonproduct=FluxsubstrateCarbonsubstrate

Fluxproduct and Fluxsubstrate represent the flux rates for products
and substrates leaving and entering the balance area, Carbonproduct
and Carbonsubstrate are the numbers of carbon atoms in the product
and substrate. Yields were converted to per cent; for a graphical
depiction of the distribution of modes the biomass yields were
plotted against the yields of the desired product for a given
network.

5.2. Construction of metabolic networks

Stoichiometric networks of Escherichia coli and Saccharomyces
cerevisiae were compiled based on literature (Jol et al., 2012;
Krömer et al., 2013, 2006) and metabolic pathway databases
(Caspi et al., 2014; Cherry et al., 2012; Kanehisa and Goto, 2000;
Kanehisa et al., 2013, 2014) and can be found in the supplementary
material (supplementary File 1). The two different branches to
ccMA via shikimate pathway were compiled from literature

(Draths and Frost, 1994; Sun et al., 2013) and named according
to its branch off metabolite (DHS or ANTH). These networks
contain central carbon metabolism, which is only comprised of
glycolysis, EDP (E. coli only), PPP, TCA cycle, glyoxylate cycle,
anaplerosis, glutamate/glutamine interconversion, electron trans-
port chain, and biomass formation which was broken down to
central metabolism derived precursors (supplementary File 1, R95
in S. cerevisiae network and R76 in E. coli network). Amino acid
biosynthesis was not included in the model; this concerns also
routes to aromatic amino acids. In case of shikimate pathway this
already corresponds to obvious knock-out targets where produc-
tion of aromatic amino acids and folate precursors is inhibited to
direct flux to the sole product ccMA.

5.3. Determination of knock-out targets

For determination of knock-out targets the method of con-
strained minimal cut sets was used, as described in Hadicke and
Klamt (2011). The desired modes where defined depending on the
Ymax of each network: S. cerevisiae DHS-pathway modes with a
yield 4 60%, S. cerevisiae ANTH-pathway modes with a yield
4 50%, E. coli DHS-pathway modes with a yield 4 70%, E. coli
ANTH-pathway modes with a yield 4 45%. Of these “desired
modes” at least 10% had to remain after application of the
determined cut sets. All remaining “target modes” where to be
abolished. Cut sets were calculated allowing five or less knock-outs
with respect to feasibility of the targets (Ruckerbauer et al., 2014):
E.g. reactions that are catalysed by the same enzyme cannot be
separate knock-out targets (for instance transketolase), neither can
spontaneous reactions be targets (ATP hydrolysis). Biomass for-
mation was also defined to be not a knock-out target, as all sets
that abolish growth are infeasible. The reactions that are excluded
from the cut set are highlighted in supplementary File 1.
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