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Abstract

Adipic acid, a nylon-6,6 precursor, has recently gained popularity in synthetic biology. Here,
16 different production routes to adipic acid were evaluated using a novel tool for network-
embedded thermodynamic analysis of elementary flux modes. The tool distinguishes between
thermodynamically feasible and infeasible modes under determined metabolite
concentrations, allowing the thermodynamic feasibility of theoretical yields to be assessed.
Further, patterns that always caused infeasible flux distributions were identified, which will
aid the development of tailored strain design.

A review of cellular efflux mechanisms revealed that significant accumulation of
extracellular product is only possible if coupled with ATP hydrolysis. A stoichiometric
analysis demonstrated that the maximum theoretical product carbon yield heavily depends on
the metabolic route, ranging from 32% to 99% on glucose and/or palmitate in E. coli and
S. cerevisiae metabolic models. Equally important, metabolite concentrations appeared to be
thermodynamically restricted in several pathways. Consequently, the number of
thermodynamically feasible flux distributions was reduced, in some cases even rendering
whole pathways infeasible, highlighting the importance of pathway choice. Only routes based
on the shikimate pathway were thermodynamically favourable over a large concentration and
pH range. Low pH capability of S. cerevisiae shifted the thermodynamic equilibrium of some
pathways towards product formation. One identified infeasible-pattern revealed that the
reversibility of the mitochondrial malate dehydrogenase contradicted current state of
knowledge, which imposes a major restriction on the metabolism of S. cerevisiae. Finally, the
evaluation of industrially relevant constraints revealed that two shikimate pathway based

routes in E. coli were most robust.
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Table of Contents Graphic: Workflow of the analysis depicting how the respective parts are tied into the

whole study.
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Abbreviations

2,3-Ddha-CoA, 2,3-didehydroadipyl-CoA; Ac-CoA, acetyl-CoA; ce external metabolite
concentration; cjy, internal metabolite concentration; CoA, Coenzyme A; DHS, 3-
dehydroshikimate; E4P, erythrose-4-phosphate; EFM, elementary flux mode; EMA,
elementary mode analysis; FA, fatty acid; FAS, fatty acid synthesis; FVA, flux variability
analysis; G6P, glucose-6-phosphate; GLC, glucose; GLN, glutamine, GLU, glutamate; MDH,
malate dehydrogenase; NET-analysis, network-embedded thermodynamic analysis; OAA,
oxaloacetate; 2-OXO, 2-oxoglutarate; P, phosphate; PEP, phosphoenol-pyruvate; pHe,
extracellular pH; pHi,, intracellular pH; PYR, pyruvate; SUCC, succinate; SUCC-CoA,
succinyl coenzyme A; TCA Cycle, tricarboxylic acid cycle; Ymax, maximum theoretical
carbon yield; A¢G, Gibbs free energy of formation; A;G, Gibbs free energy of reaction; AG°,

transformed standard Gibbs free energy of reaction
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Adipic acid, or hexanedioic acid, is an essential precursor in the chemical industry. Its
production is approximately 2.6 million tonnes per year " ? and was valued at USD 4.55
billion in 2013 °. With an expected annual growth of 3.7 — 5%, the market is expected to
reach USD 7.5 billion in 2019 * #. More than 65% of the adipic acid is high purity and used
for nylon-6,6 production, while the rest is used for polyurethanes and a wide range of other
applications > Adipic acid is mainly produced through benzene reduction to cyclohexane
followed by a two-step oxidation and reaction with nitric acid '* ?/. While this method
achieves very high yields, considerable amounts of NOy, especially N,O are generated.
Consequently, adipic acid production accounts for almost 10% of the total global
anthropogenic N,O emissions per year, significantly contributing to global warming and
depletion of the ozone layer 121

Biotechnological production of adipic acid offers a promising alternative to chemical
synthesis. Three major approaches have been reported: (i) direct production of adipic acid,
(i) production of the unsaturated adipic acid precursor cis,cis-muconic acid and (iii)
production of D-glucaric acid. Muconic and glucaric acid can be converted to adipic acid via
chemo-catalytic hydrogenation 3 for cis,cis-muconic acid an efficient conversion yield of
97% [moladipate/MOlmuconaie] has been reported 16.17 - After earlier works in the mid 1990's /% 9,

adipic acid has returned to the scientific spotlight * % /> 0%

and the metabolic engineering
community has re-focussed on this compound > '* 7%  The filing of patents by several
companies (Genomatica, Verdezyne and other assignees) also shows a strong commercial
interest to develop a biological replacement for fossil fuel derived adipic acid ***.

Considering the extensive work that has been performed on this topic, it is not surprising that

there is a wide variety of proclaimed metabolic routes (figure 1).
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Figure 1: Overview of metabolic routes to adipic acid and its precursors, muconic and glucaric acid. Each
major pathway has several sub-routes that utilize alternative biochemical conversions, which can
significantly influence titer, yield and productivity. Biochemical reduction of muconic and glucaric acid to

adipic acid, has not yet been accomplished and is therefore indicated as hypothetical with dashed lines.

Biotechnological production must outperform existing chemical synthesis in order to warrant
additional investments. The cost advantage in comparison to petrochemical-derived adipic
acid has been predicted to reach 20 — 30% *. Clearly, this cost advantage will strongly
depend on the substrate(s) and pathway utilized to produce adipic acid, or its bio-precursors.
The wealth of possibilities (figure 1) creates the challenge of finding the most promising
route, a problem that has so far been ignored for adipic acid s

In general, optimization of a fermentation process requires yields, rates and titers to be
maximized “°. One approach to assess the yields of a metabolic network is elementary flux

mode (EFM) analysis (EMA) ¥. EMA generates all elementary (i.e., non-decomposable)
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feasible steady state flux distributions of a metabolic network in a single analysis and enables
the assessment of maximum product yields as well as the determination of the ideal flux
distribution in a network during optimal production. The approach has been applied to the
development of strain construction strategies for a range of fermentation products, such as
muconate, glutamate, methionine, succinate, isobutanol and other compounds 834,
Productivity or rates in a process are controlled by capacity- and kinetics-based regulation.
While capacity is readily manipulated using gene knock-out / knock-in and over-expression,
a reaction only occurs in the thermodynamically feasible direction, i.e. where the Gibbs free
energy of reaction (AG) is negative *>~°. The range of AG is estimated from the reactants’
standard Gibbs free energies of formation (AG") and metabolite concentrations. In
metabolism, individual irreversible reactions may dictate the range of feasible metabolite
concentrations and therefore the direction of otherwise reversible reactions. Thus,
thermodynamic constraints can propagate widely throughout a metabolic model. Many
approaches exist for thermodynamic-based analysis of metabolic networks *°, one of these is
network-embedded thermodynamic analysis (NET-analysis). NET-analysis determines
thermodynamic feasibility of a full metabolic network % and can assess whether metabolite
concentrations are feasible with respect to the reaction directionalities. In reverse, NET-
analysis can also be used to assign reaction directionalities based on physiological ranges of
metabolite concentrations and thermodynamic constraints *. This enables the prediction of a
given pathway’s thermodynamic feasibility based on metabolite concentration ranges. In the
present context it is to be expected, that many stoichiometrically highly efficient routes are in
fact thermodynamically infeasible given physiologically meaningful metabolite
concentrations *.

In the current study, we use NET-analysis to determine if individual EFMs are

thermodynamically feasible. Thermodynamic analysis of EFMs was initially introduced in
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combination with a genetic algorithm used to design E. coli metabolic networks optimized for

product and biomass formation

. Full NET-analysis of EFMs was first applied in
combination with flux variability analysis (FVA) to S. cerevisiae metabolism and revealed
combinations of reactions that could not operate under specific conditions . tEFMA, a tool
that integrates evaluation of thermodynamic feasibility of EFMs during enumeration of these,
was developed to facilitate EMA of large scale metabolic networks % However, the tool was
only demonstrated with a simple E. coli network, and while it allows the determination of
patterns, which cause infeasibility, it is not able to quantify the effect of these patterns in the
total number of infeasible EFMs. The same limitations apply to another recently published
approach *.

In the current study, we developed NExT-EMA, a tool that channels EFMs into NET-analysis.
NExT-EMA was designed with ease of use in mind while not sacrificing broad applicability.
It requires considerably less input than previous approaches (no FVA data needed) and is
therefore readily applied and transferred to various metabolic networks. Further, it is based
on the most recent and advanced thermodynamic data ® and tool (NExT) for thermodynamic
analysis of metabolic networks % NExT is the latest implementation of NET-analysis and
was previously demonstrated to handle large eukaryotic metabolic reconstructions including
the human metabolic network . NExT-EMA enables the analysis of fully compartmentalized
complex eukaryotic networks, with an emphasis on rapid enumeration and minimization of
computational costs (cf. section 2.5). Moreover, we developed an algorithm to determine the
unique flux patterns (certain combinations of reaction directionalities) which cause
infeasibility in EFMs. This novel capability is crucial to avoid unfavourable strain
construction strategies.

Another factor that impacts product titer, yield and rate is the cellular mechanism of product

export . While uncharged molecules can generally diffuse through bio-membranes without
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resistance, charged compounds like organic acids, are restricted by concentration and pH
gradient % Therefore, charged compounds often rely on ATP hydrolysis for export 7’ Here
we evaluated four different mechanisms for the export of adipic acid, their particular
stoichiometry, thermodynamics and the resulting significance for the export of carboxylic
acids, which has so far mostly been neglected.

NEXT-EMA was used to analyse E. coli and S. cerevisiae metabolic networks, comparing the
yields and thermodynamic feasibility of all currently known routes to adipic acid and its
biological precursors cis,cis-muconic acid and glucaric acid from glucose and/or fatty acids
(figure 1). A “real-life scenario” considering industrially relevant conditions found increased
thermodynamic constraints severely impact pathway feasibility. Our finding highlights the
importance of pathway and organism choice to maximize the potential of a bio-based process,
leading the metabolic engineering community towards highly efficient biotechnical

production of adipic acid.
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1. Results and Discussion

Thermodynamics can explain equilibria of chemical reactions and their spontaneous changes
in a biological context. Applying these principles in synthetic biology, through
comprehensive stoichiometric and thermodynamic analyses of an organism’s biochemistry,
can prevent the pursuit of physicochemically infeasible strain designs. Here we provide an
implementation that enables a holistic analysis of cellular metabolism and demonstrate it on
adipic acid production. First, a detailed evaluation of alternative product export mechanisms
was used to determine the most efficient efflux system for organic acids in each organism.
Elementary mode analysis of each pathway to adipic acid production revealed fundamental
differences in the maximum possible carbon yield between the available biochemical options.
Then, estimation of the reaction Gibbs free energies across a range of pH characterized the
thermodynamic restrictions affecting the pathways. Subsequent thermodynamic analysis of
EFMs excluded thermodynamically infeasible modes resulting in a higher fidelity
determination of the theoretical yields. Finally, NExT-EMA was refined adding constraints
that reflect the need for industrially relevant rates, yields and titers, thus exposing the most
robust pathways.

1.1 Comparison of different product export scenarios

The efficiency and mechanism of the product export from the cells greatly affect the
thermodynamic equilibria of the reactions in the product pathway and the achievable product
titers in a process ®. This is particularly important for pathways that have reactions with
transformed standard A.G (ArG’O) close to zero, as limitations in export can lead to
accumulation of intermediates and thus cause a reaction to stagnate because of
thermodynamic infeasibility. Therefore, we evaluated the impact of different efflux systems

for adipic acid in the cell envelope in detail.
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Passive transport out of the cell via diffusion over the cell membrane is theoretically possible,
as long as the driving force (the intracellular concentration of product) is high enough.
Making use of (Eq. (2), section 2.1) to estimate adipic acid diffusion out of the cell, it
becomes clear that c will always be magnitudes smaller than c;, as long as pHjy is higher
than pH.x (in most cases given, due to the obligatory proton gradient across the membrane).
With respective values for pHj, of 7.2 Iand 7.6 7 for S. cerevisiae and E. coli at pHext levels
of 6.7 and 7.0, respectively, and assuming a physiologically very high intracellular
concentration of adipic acid of 100 mM, a maximum extracellular concentration of 10.3 mM
(= 1.5 gxL™") for S. cerevisiaze and 6.4 mM (= 0.9 gxL™") for E. coli may be achieved by
passive diffusion (supplementary file 1). When multiplying 10™*“?™ through on the right-hand
side of Eq. (2) it becomes apparent that it is equivalent to Eq. (3). Therefore, transport of the
neutral species by passive diffusion or transport of the dissociated form neutralized by proton
symport are equivalent from an energetic point of view and the same results can be achieved
when assuming a proton symporter. In contrast, transport of the fully dissociated acid is
greatly favoured as it relies on actual energy usage. The ratio of internal to external adipic
acid concentration is 3.9x10 and 1.5x10™ for E. coli and S. cerevisiae, respectively (figure
2). Similarly, an active ABC-like transport system (Eq. (5), section 2.1) can achieve
extracellular concentrations at the solubility limit (approx. 212 mM at 30°C and 335 mM at
37°C) with only minimal intracellular concentrations (ci, = 0.08 uM for S. cerevisiae and ciy
=0.13 uM for E. coli).

These observations are even more remarkable considering that in bacteria, as for example E.
coli, (di)acids are believed to be mainly transported across the membrane (in both directions)
by means of proton symporters > "*. ABC transporters exist in E. coli, but are mainly specific

7.

for compounds like amino acids, sugars or vitamins . In S. cerevisiae however, proton

symporters are known to mostly mediate the influx of carboxylic acids, while efflux relies on
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ATP-binding cassettes transporters °, which also makes much more sense for the organism
from a thermodynamic point of view 77 This means that E. coli will almost certainly use an
ATPase to balance dissociated acid transport, as it features a sufficiently high driving force
and the expense is only 0.3 ATP per charge. In yeast this strategy is inefficient as the P-type
ATPase uses 1 ATP per charge, i.e. 2 ATP per adipic acid transported, which is excessive ":
2 ATP per diacid ensure export against any gradient but severely impact the energy budget of
the cell, therefore diminishing the product yield. An ABC transporter is adequate to ensure
transport against any gradient, and ABC transporters of the Pleiotropic Drug Resistance

76 Therefore,

(PDR) subfamily are known to be promiscuous carboxylate efflux pumps
transport of fully dissociated acid was assumed for E. coli, while an ABC transporter was

assumed in S. cerevisiae for the subsequent metabolic network studies.

diffusion proton symporter  dissociated acid ABC transporter

1.E+02 +

1.E+00

1.E-02
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Cint / Cext

1.E-08
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1.E-12

1E-14 - M E. coli MS. cerevisiae

Figure 2: Logarithmic plot of internal and external adipic acid concentration ratios of the different
studied transport mechanisms for E. coli (red) and S. cerevisiae (blue). The four different scenarios are
passive diffusion of neutralized acid, proton anionic symporter, transport of dissociated acid with ATP

usage, and ABC-transporter operating at equilibrium.
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To date, product export has not been characterized in any in vivo study focusing on
production of muconic, glucaric or adipic acid, but given the thermodynamic constraints that
many pathways face in terms of feasible intracellular concentration ranges (cf. section 1.3
and following) this seems to be one of the most relevant aspects (besides toxicity — in fact,
the differences in efflux may explain the much higher toxic effects of adipic acid on bacteria,
compared to fungi *).

Many of the currently published titers of adipic and muconic acid are within the feasible
range of passive diffusion, especially those of muconic acid production in S. cerevisiae *” .
Also in E. coli many pathways only reached titers that may be explained with passive product
transport °* 7% 7% 3% 37 However, as demonstrated above, passive diffusion is certainly not
suitable to achieve competitive product titers neither able to explain the titers reached in early

works on production of muconic acid /% /* 7

in E. coli and the studies reporting routes via
salicylate * and outgoing from lignin-derived species */. Also, the production of adipic acid
with Thermobifida fusca * reached titers that indicate the presence of an active transporter in
this species. Especially, for the titer of 2.1 gxL™" in case of muconic acid production from
dehydroshikimate in S. cerevisiae »an intracellular product concentration of = 140 mM
would be necessary for passive diffusion. This suggests the existence of some form of
facilitated or active metabolite efflux in bacteria, but also in the eukaryote. Identification of
the underlying export mechanism(s) could be a significant step towards more efficient
muconic and adipic acid production, benefiting cases where intracellular product
concentration restricts pathway thermodynamics. In addition, the analysis of intracellular
metabolite concentrations may help answer the question of export limitation in

thermodynamically favoured pathways.

1.2 Stoichiometric limitations of the different pathways
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EMA showed a large spread of maximum theoretical carbon yield (Yna.x) between the
different routes (cf. figure 3 and supplementary files 2 & 3). The highest theoretical Yy« in
both E. coli and S. cerevisiae were achieved by using the inositol pathway to produce
glucaric acid. However, the few flux distributions that delivered up to 100% yield had no
activity in central metabolism: only glucose phosphorylation, the production pathway and a
part of the respiratory chain were active in these EFMs. This is almost equivalent to direct
catalysis and may be physiologically impossible.

Routes of the 3-oxoadipate pathway came in second-best in both organisms in respect to their
Ymax, reaching over 90%, directly yielding adipic acid. Here, the high yields are possible
because the precursor, succinyl-CoA, can be derived from a reverse operating TCA cycle
where no CO, is formed. However, CO, is formed in the course of the two routes, leading to

carbon being lost (cf. section 2.2.3).
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Figure 3: Maximum carbon yields for pathways to production of adipic acid (and its direct precursors)

and impact of thermodynamics on these. Yields are given in % [C-mol/C-mol]. (A) E. coli and (B) S.

cerevisiae.

In E. coli, the lysine degradation pathway achieved the same Y.x as the 3-oxoadipate

pathways. However, the analogous route in S. cerevisiae has a Ymax of only 66%, due to (a)

the partial mitochondrial localization of the pathway in yeast requiring additional energy for

transport of metabolites and (b) 2-oxoglutarate initiating the pathway (similar to the 2-
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oxoadipate pathway discussed below). Y.« of the 2-oxoadipate pathways were not much
lower than 90% in E. coli; the yield only being slightly reduced due to formation of the
precursor 2-oxoglutarate from TCA cycle involving production of CO,. In S. cerevisiae
however, the Y.x were very low and adipic acid production was stoichiometrically
impossible without biomass formation. This means that product formation is coupled to
growth and a direct competition exists, which resulted in a reduced product yield (cf. yield vs.
biomass plots, supplementary files 4 & 5). The reason is that 2-oxoglutarate is a precursor for
2-oxoadipate pathways: unlike E. coli, S. cerevisiae does not have transhydrogenases,
therefore the only major sink for cytosolic NADPH, which is produced in the cytosolic part
of the TCA cycle during 2-oxoglutarate formation from isocitrate, is biomass.

The yields from routes based on the shikimate pathway (cf. section 2.2.1) ranged from 63%
to 88%, with Y, in general being slightly higher in E. coli. Y. decreases the further
downstream the route branches off from the shikimate pathway, mainly because additional
bioconversions require more resources. For the routes via isochorismate a synergistic effect
may be obtained when the two sub-routes via 2,3-didehydrobenzoate and salicylate are
active, complementing their cofactor demands (one consumes, the other produces NADH),
balancing it with central metabolism.

Routes based on FA metabolism (cf. section 2.2.6) showed a wide distribution of possible
yields (figure 3), which greatly depended on the carbon-source and on the presence of
anabolic and catabolic FA metabolism pathways. Here the highest Y. in E. coli were
obtained on a glucose-feed with direct synthesis of a C6-body (hexanoate) and subsequent ®-
oxidation, while in S. cerevisiae the Ymax were highest from a C16-feed when combining
FAS and B-oxidation. The overall lowest Yax of 37.5% was obtained when adipic acid was
produced from a C16-FA-feed via B-oxidation without FAS. This can be explained by loss of

excess acetyl-CoA generated during -oxidation of the C16-FA palmitate to the C6 body of
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adipic acid (6 /16 =0.375): When FAS is implemented alongside B-oxidation, acetyl-CoA
can be recycled into FA metabolism, thus benefiting product yield. The assumption that FA
biosynthesis and oxidation could be metabolically active at the same time, however opposes
natural transcriptional control 7 and substantial regulatory redesign of FA metabolism would
be needed for simultaneous FAS and -, B-oxidation. It is noteworthy that a combined
glucose- and C16-FA-feed could also not improve the Yy, significantly. In addition, it is
worth mentioning that when assuming adipic acid to be the final product of B-oxidation,
meaning it was only allowed to proceed to a C6-body instead of full breakdown of the FA
into C2-bodys, a substantial minimum yield constraint of 37.5% was introduced (cf. yield vs.
biomass plots, supplementary files 4 & 5).

Finally, there is value in taking into consideration that the shikimate pathway and FA
metabolism based pathways are both limited to aerobic conditions due to the nature of the
product pathways (oxygen is an essential substrate).

1.3 Pathway limitations and impact of compartment pH on Gibbs energies of reactions
For pathways with one or more AG*° close to zero, a change in the compartment pHs due to
environmental changes can impact a pathways thermodynamic feasibility. Further, the
reaction A,G at low and high ratios between products and substrates can provide an indication
of a pathway’s performance. Therefore, after establishing the differences in achievable
carbon yields, the A,G range for each reaction of the different networks were determined at
different physiological conditions in a separate thermodynamic analysis (results are included
in supplementary files 6 & 7). This thermodynamic evaluation provides an initial assessment
of the pathways’ general thermodynamic feasibility at different physiological conditions, in
particular pH. In this context, the reader should be aware that the condition A;G < O is
necessary but not sufficient for a reaction to occur in vivo. A reaction was considered

thermodynamically feasible at a certain pH, if at least the A;G,i, was negative. If further also
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the A,G*° was negative, the thermodynamic equilibrium lies on the product side and the
reaction is thermodynamically favoured in the written direction. A metabolic route to adipic
acid was considered favoured if these two criteria applied to all reactions on the route.
Determination of AG’’, AGuin and A,Gpax revealed a few routes with overall favourable
thermodynamics, namely the dehydroshikimate, anthranilate and pHBA route in both E. coli
and S. cerevisiae; all other pathways contained at least one reaction with a AG® > 0 at one or
more of the tested physiological boundary pHs (outlined in Appendix A.1, cf. also
“compartment” sheet in supplementary files 6 & 7). Further, both malate dehydrogenase
reactions appeared to be irreversible in the forward direction at low pH conditions in S.
cerevisiae (extracellular pH of 3.5). At low pH conditions in E. coli (extracellular pH of 5.9),
the inositol pathway became feasible, while the dehydrogenase reaction in the lysine pathway
remained infeasible. Adverse effects of low pH were seen in the 2- and 3-oxoadipate
pathways, where the AG increased for most reactions. As expected, the impact was more
pronounced in S. cerevisiae, as the yeast tolerates a much lower physiological pH.

In routes based on FA metabolism, the pH effect was mixed, as the thermodynamic equilibria
of some reactions shifted towards favouring of product formation, while some turned in the
other direction. Peroxisomal pH however had a profound impact on routes involving -
oxidation, which were only feasible at standard cytosolic pH (7.2) in combination with an
alkaline peroxisome (pH 8.2) (cf. appendix A.1 for details about the different pHs). Although
a high peroxisomal pH restricts the ATP/AMP antiporter, efflux of phosphate from the
peroxisome is thermodynamically impossible at low peroxisomal pH (at least at 5.8 or lower,
potentially also before). This supports studies arguing for an alkaline peroxisome *’ and the
postulation of a proton gradient * that can potentially drive transporters.

1.4 Thermodynamic feasibility of elementary flux modes and impact on maximum

carbon yields
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NET-analysis was used to distinguish between thermodynamically feasible and infeasible
EFMs. The A,G’° of all reactions were estimated with the exception of biomass reaction (see
Appendix A.l). As the purpose of this study was to investigate production of adipic acid,
only EFMs that included product formation were analysed. Considering thermodynamic
feasibility severely reduced Y. for some of the studied pathways (figure 3, for detailed
information on the thermodynamic feasibility of the flux modes of each network refer to
supplementary files 6 & 7 “infeasible-patterns” sheet). Infeasible flux distributions were
identified in every network of each organism. Depending on the pathway, from 11% up to
100% of the product-forming EFMs in E. coli and from 5% up to 100% of the product-

forming EFMs in S. cerevisiae were found thermodynamically infeasible (figure 4).
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Figure 4: Numbers of EFMs for studied pathways to produce adipic acid, total EFMs (blue), product

forming EFMs (red) and thermodynamically feasible EFMs (green), in (A) E. coli and (B) S. cerevisiae.

ACS Paragon P%gs Environment



Page 21 of 75

oNOYTULT D WN =

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

ACS Synthetic Biology

For the S. cerevisiae models, one infeasible-pattern rendered between 5 and 15% EFMs
infeasible in every studied pathway. The infeasible-pattern is the combination of the
mitochondrial malate dehydrogenase (R73) proceeding in forward direction (oxaloacetate
production), and the malic enzyme (R74) proceeding in reverse direction (malate production).
These two reactions are limited by the mitochondrial NAD/NADH ratio. For R73 to be
feasible in forward direction or R74 to be feasible in reverse direction a minimum A,G of 8.6
KJ/mol is required for the other reaction, due to the constraint on the MAL[m] x
NAD[m]/NADH[m] ratio. Therefore, the combination of these two directionalities together is
thermodynamically infeasible, although the malate dehydrogenase (MDH1) has been reported
to be reversible and even favoured in forward direction (according to SGD *%). These findings
are in accordance with previous ones % where under restricted mitochondrial NAD and
NADH concentrations the mitochondrial malate dehydrogenase was found to be infeasible in
forward direction. However, the theoretical carbon yields were unaffected by this restriction
(figure 3, cf. also supplementary file 5).

Infeasibility of the S. cerevisiae 3-oxoadipate pathway was caused by six additional patterns.
The route via hexa-2-enedioate of the 3-oxoadipate pathway was completely infeasible due to
contradicting restrictions of mitochondrial 3-oxoadipyl-CoA concentrations required by the
succinyl-CoA:acetyl-CoA transferase (R115) and the 3-oxoadipyl-CoA transferase (R116). In
order for R115 to proceed in forward direction, the maximum concentration of mitochondrial
3-oxo0adipyl-CoA could be no higher than 0.12 mM. This did not comply with the subsequent
reaction R116, which needed the metabolite at a minimum concentration of 0.33 mM in order
to proceed in forward direction. The drop in maximum product carbon yield by 1% of the
2,3-didehydroadipyl-CoA route of the 3-oxoadipate pathway, was caused by a restriction of
the mitochondrial ATP / (ADP x P) ratio, linked to the directions of R69 and R105, the

mitochondrial succinyl-CoA synthetase and the mitochondrial ATP synthase. This pattern
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caused the infeasibility of 41% of the modes of the route. There were further four complex
thermodynamic infeasible-patterns affecting this route, all these patterns involved the triose-
phosphate isomerase (R27), glyceraldehyde-3-phosphate dehydrogenase (R28), cytoplasmic
malate dehydrogenase (R49), succinyl-CoA synthetase (R69), succinyl-CoA:acetyl-CoA
transferase (R115), 3-hydroxyacyl-CoA dehydrogenase (R116) and the enoyl-CoA hydratase
(R117). Unique to this pathway’s routes are R116 and R117, which share the determining
metabolite, 3-Hydroxyadipyl-CoA. As the A,G® of R117 is close to zero (2.2 KJ/mol), the
minimum concentration of 3-Hydroxyadipyl-CoA, which is required for R117 to proceed in
forward direction, is 0.244 pM. However, the other reactions, including R116 and the ones
individual to the four patterns, restrict the maximum concentration of 3-Hydroxyadipyl-CoA
to 0.102 puM, resulting in infeasible EFMs (for details refer to supplementary file 7,
“infeasible-patterns” sheet).

The fraction of infeasible EFMs in S. cerevisiae was greatest for FA based routes that
involved the pathway of FA B-oxidation (76% or higher). Peroxisomal phosphate transport
(R92) into the cytosol was partially responsible for this, thus only EFMs where phosphate
could be balanced within the peroxisome were feasible. This was only possible in one of the
three alternatives for release of adipate, namely release of adipate by the adipyl-CoA
synthetase (EC 6.2.1.-) which allows peroxisomal phosphate to be recycled. However the
A:Gmin of peroxisomal phosphate export appeared to be very close to 0 (< 1 KJ/mol, which is
less than the error of the component contribution method ) and strongly dependent on pH
(cf. section 1.3), therefore this infeasibility criterion may not be critical and the respective
flux distributions may be feasible after all. Another pattern that affected the FA pathways that
include B-oxidation required the reaction of the plasma membrane ATPase (R106) to proceed
in the direction of ATP synthesis in around 25% of the product forming EFMs. This reaction

is thermodynamically infeasible in that direction due to a A/Gpin of 21.9 KJ/mol. The last
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pattern only affected networks where palmitate is a substrate and consisted of a reversed
phosphoglycerate kinase (R29) and forward operating mitochondrial ADP/ATP translocase
(R79) and mitochondrial ATP synthase (R105) reactions. In both networks that relied solely
on palmitate-feed 98% of product forming EFMs were infeasible, while in the glucose and
plamitate-feed co-feed network 9% of product forming EFMs were infeasible due to this
pattern. The reasons for infeasibility were constraints on the cytosolic as well as
mitochondrial ATP/ADP ratios: If R29 proceeds in reverse direction, the minimum
ATP[c]/ADP[c] ratio is limited to 8.9, if in addition R79 proceeds in forward direction, the
minimum ATP[m]/ADP[m] ratio is limited to 17.3. This conflicts with the maximum
ATP[m]/ADP[m] ratio of 1.4 if R105 proceeds in forward direction, and maximum
ATP[c]/ADP|[c] ratio of 0.7 if also R79 proceeds in forward direction.

For E. coli, the different physiological conditions and range of metabolite concentrations led
to other patterns constraining network thermodynamics: eight infeasible-patterns were found,
but only four of them generated restrictions where the A,Gpi, was far enough from zero to be
considered significant. For details on all E. coli infeasible-patterns refer to supplementary file
7, sheet “infeasible patterns”. The restrictions reduced the number of EFMs feasible under
the current conditions and therefore the feasible Y.« (cf. product vs. biomass yield plots,
supplementary file 4) of twelve out of the eighteen studied routes (glycolysis based pathways,
routes via the 2-oxoadipate pathway, the lysine pathway and the direct m-oxidation as well as
C6-FAS w-oxidation pathways). Moreover, in six out of the twelve affected routes the
maximum yield that included formation of biomass was also reduced (figure 3).

Four pathways were affected by thermodynamic restrictions: all product-forming EFMs of
the inositol pathway were infeasible in E. coli due to the thermodynamic equilibrium of the
uronolactonase reaction (R87), which was on the substrate side. This is surprising as an in

vivo route for production of glucaric acid in E. coli has been reported previously, reaching
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significant titers in the g/L range . One explanation is that the uronolactonase reaction is
energetically coupled with another reaction, which is especially likely as all other reactions in
the pathway are thermodynamically greatly favoured. The first description of the pathway,
where the two final steps, the uronolactonase and the aldehyde dehydrogenase reaction, are

catalysed by a single gene product %

supports this hypothesis. Additionally, according to
KEGG * an alternative branch of the inositol pathway may exist, which would by-pass the
problematic reaction via gulonate.

Further, 32% of the product forming EFMs of the E. coli 2-oxopimelate route, part of the 2-
oxoadipate pathway, were infeasible (figure 4). A pattern, unique to this route, was the cause
for half of the total infeasible EFMs of this route. The three contradicting constraints of the
pattern were: the malate dehydrogenase (R56) proceeding in forward direction, the NADP
dependent malic enzyme (R61) proceeding in reverse direction and R85 proceeding in
forward direction (for more details on the infeasible-pattern refer to supplementary file 6).
Similarly, the 2,3-didehydroadipyl-CoA route of the 3-oxoadipate pathway had an infeasible-
pattern responsible for half of the infeasible product forming EFMs of this route. The pattern,
restricted by the ratio between succinyl-CoA and coenzyme A, consists of three reactions: a
reverse operating succinyl-CoA synthetase (R53) and forward operating ATP synthase (R79)
and succinyl-CoA:acetyl-CoA transferase (R84). Despite 43% of the EFMs of this route
being infeasible, the Y,,x was not affected (figure 3). Product forming EFMs of the pathway
to adipic acid via lysine were also partially (47%) infeasible in E. coli, reducing the feasible
Yiax to 88% and the maximum yield with biomass formation to 84%. The main reason was
the non-enzymatic reaction in the dehydrogenase branch of the lysine biosynthesis (R94 in
the respective network, KEGG * reaction number R04336), which was infeasible under the
studied conditions (affecting 35% of the EFMs of this pathway) although many organisms,

like e.g. C. glutamicum, include this biosynthetic pathway. This might explain the parallel

ACS Paragon P?r&s Environment

Page 24 of 75



Page 25 of 75

oNOYTULT D WN =

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

ACS Synthetic Biology

presence of the succinylase branch and why it is exclusive in many organisms, like e.g.
E. coli, although the achievable carbon yield is slightly lower.

Thermodynamic feasibility-assessment of novel pathways leading to the biosynthesis of
traditionally chemically produced compounds has previously been done using
thermodynamic metabolic flux analysis (TMFA) *. TMFA directly estimates metabolic
fluxes taking into account consistency of flux directionality with thermodynamic constraints
% Because TMFA relies on metabolic flux analysis, the result is narrowed down to the
solution of maximal product formation. Thus, an incomplete picture of the organism’s
metabolism is drawn. As a way to describe all metabolic steady states, EMA determines the
full metabolic solution space of a biochemical network *’. The present approach relies on
EMA, therefore providing the whole picture of the thermodynamically feasible metabolism of
the studied organism.

As demonstrated, NExT-EMA provides additional insight into metabolism as it allows
identification of the source of infeasibility of certain flux distributions, including the
reactions involved, and a deep understanding of the cause and consequences of these
infeasible-patterns. These can be understood in a similar way as with the previously
published tEFMA for calculation of thermodynamically feasible EFMs, which is also able to
identify infeasible-patterns and can deliver insight into causes of infeasibilities ** *.
However, with tEFMA, a change in for instance concentration boundaries of metabolites
requires a complete new run while NEXT-EMA requires only re-analysis of the
thermodynamic part, which may be faster. Also, with tEFMA, it is unknown, which EFMs are
lost, as only minimal infeasible patterns can be tracked, while with NExT-EMA both,
infeasible EFMs and infeasible patterns are determined. By knowing the combinations of
reactions that cause infeasibility, a strain engineering strategy can be developed that avoids

these reactions. Putting it the other way around, this study will not only help to choose the
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best pathway but also aid in the development of tailored strain design strategies. Further, the
tool is not limited to production of adipic acid and the same principles and analyses can be
applied to any microbial production system at any stage of the project. Together with the
most recent implementation for enumeration of EFMs, FluxModeCalculator 8 which
significantly reduces computational times and costs, NExT-EMA enables the analysis of very
large metabolic networks on desktop-computers.

1.5 Pathway robustness and consequences for commercial application

In order to allow an assessment of the pathways regarding industrial applicability and to give
a recommendation regarding the highest potential for economic viability, a study under
tightened conditions was conducted (industrial viability analysis). The particular conditions
were chosen in respect to minimization of substrate and purification costs (minimum carbon
yield of 75% and product titer of 100 mM, respectively), and productive use of capital

90, 91, these

infrastructure (minimum rate of 0.01 mol/(gpw*h)). Based on published values
industry requirements were slightly adjusted (cf. appendix A.2), to account for limitations
implied by the particular target product(s) in the present case study. The minimum rate and
enzyme kinetics assumptions were used to narrow the metabolite concentrations ranges (cf.
appendix A.2 and supplementary file 8 for details on assumptions and calculations).
However, under these conditions no feasible EFMs were found in either organism. When
incrementally relaxing the constraints on minimum carbon yield and product titer, two
alternative scenarios were found: a high minimum product carbon yield (75% or higher) is
only achievable at a low minimum titer (5 mM), and vice versa — a high minimum titer (100
mM) is only possible in pathways that deliver lower yields (i.e. when the minimum product
yield constraint has been dropped to 50%). Multiple additional infeasible-patterns existed,

reducing the number of thermodynamically feasible EFMs, which impacted the S. cerevisiae

models more severely than the E. coli ones (cf. supplementary file 9). In detail, just the
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dehydroshikimate and isochorismate routes in E. coli proved to be able to deliver external
product at a concentration of 5 mM or higher and a carbon yield of 75% or higher (figure 5),
while solely in the dehydroshikimate route EFMs existed, which also allowed formation of
biomass. Therefore, the E. coli dehydroshikimate route of the shikimate pathway has the
greatest potential for bio-based production of adipic acid. This correlates with the fact that to-
date the by far highest reported yields (22% & 44%) were achieved via the dehydroshikimate

. . 16, 92
route in E. coli ™™

. A high minimum titer of 100 mM was possible in the 2,3-
didehydroadipyl-CoA route of the 3-oxoadipate pathway, all routes of the 2-oxoadipate
pathway (including the 2-oxopimelate and lysine pathway), as well as the direct w-oxidation
and the FA pathways that included C16-FAS in E. coli, but only at product carbon yields
higher than 50% but lower than 75%. In S. cerevisiae two pathways remained feasible at the
50% minimum product carbon yield and a 100 mM minimum product titer scenario: these
were the coumarate route and the pathway of direct w-oxidation, while in the former just 22
of 14,473 EFMs remained feasible (which may not represent enough metabolic freedom for
the organism to be viable in vivo, as these EFMs feature almost the same flux distribution and
above all do not produce biomass). Further, the range of feasible metabolite concentrations of
the remaining feasible EFMs appeared to be very narrow, indicating that a careful balancing
of the pathways will be pivotal to achieve these flux distributions. All results are compiled in
supplementary file 9, where also the distribution of feasible EFMs by means of product vs.
biomass yield plots can be found; the feasible metabolite concentrations for the respective
scenarios can be found in supplementary file 10.

The outcome of this analysis once again demonstrates the potential of NExT-EMA: the
solution space can be narrowed down by more specifically defining the desired target

compound production parameters and the range of metabolite concentrations. In that way, it

may also become possible to elicit the plausible in vivo flux distribution of a certain
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metabolism without actually having to measure the metabolic fluxes: when investigating a
particular organism in vivo, experimentally acquired metabolite data can be used to generate

constraints that may limit the solution space of a corresponding model. The result would be a
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narrow distribution of feasible EFMs, which reflects the state(s) present in vivo.
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Figure 5: Product vs. biomass carbon yield plots of feasible and infeasible modes from NExT-EMA

analysis of certain shikimate pathway based routes in E. coli. Each point in a chart corresponds to the

specific product and biomass yield of the respective elementary flux mode. Yields are carbon yields in %.

Color code: feasible EFMs under physiological conditions (metblue), feasible EFMs under industrially

relevant conditions (green), infeasible EFMs under physiological conditions (pink), infeasible EFMs

under industrially relevant conditions (red). (A) Feasible EFMs of the dehydroshikimate route, (B)

Infeasible EFMs of the dehydroshikimate route, (C) Feasible EFMs of the isochorismate route, (D)

Infeasible EFMs of isochorismate route.
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It is important to keep in mind that the full solution space is made up of the elementary flux
modes and their linear combinations. When considering the thermodynamically feasible
EFMs, it is, however, not a given that all linear combinations of these are also always feasible
% This is especially important for the understanding of figure 5, where the feasible EFMs
may or may not span an area greater than the single feasible EFMs, in which metabolism may
operate.

2. Methods

2.1 Assessment of cellular transport processes

Different scenarios for the export of dicarboxylic acids from the cytosol to the medium were
investigated in detail. In particular, passive transport via diffusion, proton mediated symport,
transport of fully dissociated acid and ATP driven export by ABC-type transporters were
compared. Passive transport relies on the free diffusion of small, uncharged molecules over
the cell membrane. The minimal total internal acid concentration, ciy, required to transport
against a given total external concentration, Cey, i determined as the concentration where
internal and external un-dissociated forms are in equilibrium. In general:

Cint _ [HyAlint y 1 + (10PHint=PKar) x (1 + 10PHint=PKaz)
Coxt [H2AJext 1+ (10PHext=PKa1) x (1 4 10PHext—PKaz)

(1)

Considering that the internal and external un-dissociated forms are in equilibrium
([HrAlin=[H2A]ext), the ratio between internal and external total acid concentration can be
expressed as:

Cint 1+ (10pHi"t_pK31) X (1 + 10pHint_pKa2)
Coxt 1+ (10PHext—PKa1) x (1 + 10PHext—PKaz)

(2)

For a proton anionic symporter of the fully dissociated form of a dicarboxylic acid Eq. (3)
can be formulated (derived from ®), which includes a factor that accounts for the efflux of

protons:
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m _ 1QnxApH 1+ (10pKa2_pHint) X (1 + 10pKa1—pHint)
Cext 1+ (10pK32_pHext) x(1+ 10pKal_pHext)

(3)

where n is the number of transported protons (in case of a dicarboxylic acid n equals 2) and
ApH the difference in pH across the membrane (pHint - pHext)

The third studied case is the transport of a fully dissociated acid, which is not charge-
balanced and requires a concomitant transport of protons to maintain the pH homeostasis.
The proton transport is mediated by an ATPase. Therefore, two simultaneous reactions take
place:

A% =A% and 2 H'jy +2 x f x ATP =2 H'gy +2 x fx ADP +2 x f x P;

where f is the ATP cost for transportation of one proton (number of ATP molecules needed to
export one proton). The most optimistic case of energy expense is to assume the reactions

fully coupled, resulting in the following ratio of internal to external concentration of the acid:

Cint _ 1OU(APH+fXA(Z}Qi:FP) y 1 + (10PKa2=PHint) x (1 + 10PKa1~PHint)
Cext 1+ (10pK32_pHeXt) X (1+ 10pKa1_pHext)

R

where AGarp is the energy generated by ATP hydrolysis (ATP + H,O > ADP + P)),
calculated using NExT % and adjusted for the properties of the respective compartments.

The per-ATP-numbers of protons exported across the cytosolic membranes of the different
organisms is open for debate . In accordance with ** *°, we assumed 3.3 and 1 for E. coli
and S. cerevisiae, respectively. Thus, 0.6 and 2 ATP molecules are used per dicarboxylic acid
transported for E. coli and S. cerevisiae, respectively.

In case of active transport of the un-dissociated acid driven by ATP hydrolysis, the minimal
intracellular concentration required to achieve diacid transport is adjusted by a factor

accounting for the additional driving force of ATP hydrolysis % which is similar to the

' Z = In(10)xTxR/F, while R (gas constant) = 8.31446J/(molxK) and F (faraday constant) =
96,485.3329 Axs/mol. T depends on the (optimum) cultivation temperature (in Kelvin) of the respective
microorganism.
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previous case but with a fixed ratio of 1 ATP consumed per dicarboxylic acid transported,

resulting in Eq. (5):

ZXF

= (5)

Cint _ (10(%)) y 1 + (10PHint=PKar) x (1 + 10PHint~PKaz)
1+ (10PHext=PKa1) x (1 4 10PHext—PKaz)

Cext
Detailed step-by-step calculations of the different product export scenarios can be found in
supplementary file 1.

2.2 Biochemical pathways to adipic acid

Six distinct pathways featuring unique intermediates and enzymatic conversions were

18193943 and scientific publications “** %" 7 1In total 16 different

compiled from patents
routes for carbon flow were considered. Each route was implemented in two different
organism models: E. coli and S. cerevisiae (cf. supplementary files 2 & 3 and 6 & 7).

2.2.1 Muconic acid production via the shikimate pathway

It is difficult to define separate routes for the production of cis,cis-muconic acid from the
shikimate pathway as many options exist regarding host organism, biochemical route,
heterologous enzymes, carbon-source and fermentation method . Here, five different routes
were distinguished; three of these contain alternative inter-conversions (figure 6). The routes
were named according to key intermediates / branch off from shikimate pathway: 3-
dehydroshikimate, anthranilate, isochorismate, pHBA (para-hydroxybenzoate) and para-
coumarate.

2.2.2 Glucaric acid production via inositol

D-glucaric acid can be derived from inositol metabolism. From the central metabolite
glucose-6-phosphate, branch point of glycolysis and pentose phosphate pathway, myo-

inositol is formed in two reactions. In two further reactions D-glucaric acid is obtained (figure

6).
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622 Figure 6: Glycolysis based pathways for biological production of the adipic acid precursors muconic and glucaric acid. Intermediates that define a pathway are

623 written in bold and are underlined; central intermediates of a separate route are written in bold only. Dashed lines indicate multiple steps.
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2.2.3 Production via the 3-oxoadipate pathway

The 3-oxoadipate pathway, previously reported as “reverse adipate degradation” 32,36, 41, 42
leads over two different routes to the intermediates hexa-2-enedioate and 2,3-
didehydroadipyl-CoA (figure 7). From there, the former is directly converted to adipic acid,
the latter is first reduced to adipyl-CoA. For the conversion of adipyl-CoA to adipic acid, two
options were explored: one step release of adipic acid in a hydrolase reaction via an adipyl-
CoA thioesterase™® or two steps utilizing promiscuous phosphate butyryltransferase and
butyryl kinase enzymes®. As the pathway intermediate, succinyl-CoA, is not a cytosolic
metabolite in S. cerevisiae the pathway was assumed to be mitochondrial in the yeast model.
2.2.4 Production via the 2-oxoadipate pathway

As for the 3-oxoadipate pathway, multiple routes have been described for the production of

adipic acid via 2-oxoadipate *"#

, partly involving the same metabolites as the 3-oxoadipate
pathway. All routes were compiled into one interlinked pathway (figure 7) and nine different
possible routes for carbon flow were identified for analysis, in accordance with the respective
patents. For the conversion of adipyl-CoA to adipic acid the same reactions as for the 3-
oxoadipate pathways were assumed. It should be mentioned that while each route is
essentially unique in its steps of biochemical conversions, they may share the same overall
stoichiometry. Therefore, carbon yields can be identical, while thermodynamics may differ.
2.2.5 Production via lysine degradation

Formation of adipic acid from lysine (figure 7) is closely related to 2-oxoadipate metabolism.
In most bacteria, lysine is synthesized from aspartate and broken down via 6-oxohexanoate,
which enters the 2-oxoadipate pathway. Further, in most prokaryotes, including E. coli,
production of lysine from aspartate proceeds via a succinylase, while others, like C.

glutamicum, in addition to the succinylase also contain a dehydrogenase *’. Both options

were included in the E. coli model to broaden the universality of the study. Yeasts synthesize
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650  lysine naturally via 2-oxoadipate partially in the mitochondria, rather than through the
651  aspartate biosynthesis. Therefore, only the last steps of this pathway coincide in the

652  prokaryotic and eukaryotic models.
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655 Figure 7: TCA cycle based pathways for biological production of adipic acid. Intermediates that define a pathway are written in bold and are underlined; central

656 intermediates of a separate route are written in bold only. Dashed lines indicate multiple steps.
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2.2.6 Production via fatty acid metabolism

A unique variant to obtain adipic acid from engineered microorganisms is through fatty acid
(FA) metabolism. Inferred from the molecular structure this seems natural as adipic acid
consists of a saturated Ce-backbone with terminal a,w-carboxy groups, making it basically a
short chain dicarboxylic fatty acid. Rather than distinguishing between different routes this
variant of adipic acid production is determined by the type of carbon-source used and the
point of entry into the pathway cascade: according to a patent *’, both fatty acids and glucose
can be substrates. If glucose is the sole substrate, synthesis proceeds either directly from
central metabolism through w-oxidation to adipate, or via fatty acid synthesis (FAS) and
subsequent breakdown of the FAs through B-oxidation and carboxylation via w-oxidation. If
FAs are the carbon-source, these can directly enter B-oxidation and proceed through -
oxidation to adipic acid. For the pathways described above (figure 8) a mixture of FAs is
utilized either solely or in combination with glucose for production of adipic acid in Candida
tropicalis * (production of dicarboxylic acids has recently been modelled in C. tropicalis *%).
We transferred the pathway(s) to a standard model of the budding yeast S. cerevisiae for
more universal significance and comparability with the other pathways. Moreover, the
composition of the FA mixture is not explicitly defined in the patent and might vary between
batches. Therefore, the most common saturated FA palmitate (C;¢) was assumed as a
representative of the FA mixture. For the conversion of adipyl-CoA to adipate three

41, 42,

possibilities were examined according to described enzyme classes : an adipyl-CoA
hydrolase (EC 3.1.2.-), an adipyl-CoA synthase (EC 6.2.1.-) / phosphotransadipylase/adipate

kinase (EC 2.3.1.-/2.7.2.-) and an adipyl-CoA:acetyl-CoA transferase (EC 2.3.1.-).
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expanded with a peroxisomal compartment ‘*’ and additional transport reactions *, while
palmitate uptake as an alternative substrate was added to both networks.

Biophysical properties (pH, ionic strength, redox potential, relative volume) of the different
compartments (extracellular, cytosol, mitochondrial matrix, intermembrane space and
peroxisome) were largely adopted from previous analyses *. For further details on principles,
(physical) data and assumptions for construction of models, the reader is referred to appendix
A.l.

2.4 Determination of feasibility limits in dependence of pH

The metabolic networks and pathways were subject to a preliminary and separate NET-
analysis at different pH conditions in order to evaluate the thermodynamic equilibria of the
single reactions of the different pathways (results are included in supplementary files 6 & 7).
The pH can shift thermodynamic equilibrium either direction, depending on which side of an
equation the protons take part in, and for transport reactions in which direction a proton
gradient exists. In order to investigate this, the Gibbs free energies at lowest feasible
physiological pH values were studied (S. cerevisiae extracellular: 3.5, cytosol: 4.4 1%, E.

coli extracellular: 5.9 cytosol: 6.1 103

). The pH of other compartments was scaled relatively to
the cytosol, e.g. where no mitochondrial pH was determined, a constant ApH of + 0.3 in
respect to the cytosol was assumed. To capture the boundaries of thermodynamic feasibility,
the widest constraints were applied, and all reactions were considered reversible. Based on
this, also Gibbs free energies at boundary reactant concentrations (A;Gpin and A/Gpax) were
determined for each reaction in addition to the transformed standard Gibbs free energy
(AG®). The AGmn was determined using highest substrate and lowest product

concentrations and the A;Gpmax using lowest substrate and highest product concentrations,

analogous to what has been described previously *’. However, if a single reaction had a
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positive A;Gmin the whole route was considered infeasible at the studied pH. All routes that
were neither favoured nor infeasible were classified thermodynamically restricted.

2.5 Network-embedded thermodynamic analysis of elementary flux modes

EFMs can be computed with EFMTool ' or other implementations for calculation of flux
modes, e.g. the recent implementation FluxModeCalculator ¥, which enables EMA of large
scale metabolic networks. We trialled both, the use of EFMTool to calculate the flux
distributions, or using EFMToo! to only parse the networks into a stoichiometric matrix,
which then served as input for FluxModeCalculator to calculate binary EFMs. The EFMs

were then analysed with NET-analysis, using a modified version of NExT % (tool available

on SourceForge, https://sourceforge.net/p/next-ema/); the basic workflow is outlined in
Error! Reference source not found.. NET-analysis was performed at physiological
conditions (cf. Appendices A.1 and A.2) and was limited to modes that involved formation of
the product of interest (modes with no flux to and thus zero yield of adipic, muconic or
glucaric acid are irrelevant in the present study). Computations were performed with
MATLAB (The MathWorks, Natick, USA) using the built in fmincon solver and the ILOG
CPLEX optimizer (IBM, New York, USA) on a desktop computer (Intel Core i7-3770, 32
GB RAM, 256GB SSD).* The maximum carbon yields of the different EFMs were
determined with MATLAB by drawing carbon balances around the transport reactions in and

out of the network (scripts included with program files).

? Enumeration of EFMs proceeded at a minimum speed of 3,000 modes/sec when using the EFMTool and at an
average speed of 50,000 modes/sec when using the FluxModeCalculator (van Klinken & Willems van Dijk,
2015). NExT reached a minimum speed of 120 modes/sec in case of the most complex S. cerevisiae network,
when relying on the fmincon solver. A different solver, as for example LINDO™, may accelerate the process
significantly, especially in combination with parallel computing. In case the number of EFMs of a network
becomes too large to fit into memory for at once analysis, sizeable batches can be defined to allow incremental
analysis.

ACS Paragon Pﬂs Environment



oNOYTULT D WN =

733
734
735
736
737
738

739

740

741

742

743

ACS Synthetic Biology

//7 \\\ ,/
Metabolic Network

Elementary Modes

{reactions}

{compartments} i)

\ 4

4 “

. [
B'Mert\ab'OIlﬁ)& Metabolic Networks
iophysical Data of EFMs

{AG*°, Ny & charge}
{concentration ranges}
{pH, IS, redox potential} )

sgn{efms} x {reactions}

| NET-analysis | |
oy o
s D e
R 1
Feasible EFMs ‘ EZ % g Infeasible EFMs
S L
{f-efms} S {i-efms}
Rn 1
A T
Stoichiometric constrains Infeasibility patterns

Figure 9: Flowchart for NET-analysis of elementary flux modes. EMA = elementary mode analysis; NET-
analysis = network-embedded thermodynamic analysis; IS = ionic strength; sgn = sign function: If EFMs
are not already binary, reactions were constrained according to the direction (£ sign) of the flux

determined, for zero flux the reaction was considered unconstrained.

The results of the thermodynamic-based network analysis of the EFMs of the different
networks were further analysed. In order to find the cause of thermodynamic infeasibility of
EFMs, feasible and infeasible EFMs were compared (cf. appendix A.3 for details). Briefly, a
two-step algorithm was used: (1) identification of reaction constraint/s that if removed, would

render the studied model thermodynamically feasible (2) verification that the directionality in
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the particular reaction/s was/were sufficient to render the model infeasible. These two steps
were repeated, introducing further reactions, until the smallest set of reactions, which was
required to render the model infeasible, was found. This set of reaction directionalities was
termed an infeasible-pattern. Finally, the infeasible EFMs were crosschecked in order to
verify that removing the identified pattern constraints would cause them to become feasible.
If infeasible EFMs remained after the removal of the pattern constraints, the process was
repeated with the remaining infeasible EFMs in order to find further infeasible-patterns.

The analysis of the feasible and infeasible EFMs, the identification of infeasible-patterns and
the final check of the infeasible EFMs were scripted in MATLAB (scripts included with

program files, https://sourceforge.net/p/next-ema/).

3. Conclusions

Known metabolism currently offers 16 different solutions to the problem of biological adipic
acid production. Ten of these routes lead directly to adipic acid, while six routes would yield
the precursors cis,cis-muconic or glucaric acid. Here, we present the first comprehensive
evaluation of differences in theoretical yields and thermodynamic feasibility of these
pathways.

Analysing different product export scenarios, it was evident that high efflux is only possible
at expense of a biological energy carrier. In particular, E. coli will rely on transport of the
dissociated acid, while in S. cerevisiae an ABC transporter is the most efficient for efflux of
carboxylic acids.

NExT-EMA was developed to perform NET-analysis on elementary flux modes and
distinguish between thermodynamically feasible and infeasible solutions. The applicability of
NExT-EMA to real world problems and advantages over existing methods was demonstrated

by analysing adipic acid production in prokaryotic and eukaryotic models.
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The analysis illustrates that high adipic acid yields in a biological system are theoretically
achievable but significant differences exist between yields and thermodynamic feasibility of
the different pathways. Examples are the infeasible inositol pathway and the partially
infeasible lysine degradation in E. coli, as well as the infeasible route via hexa-2-enedioate of
the 3-oxoadipate pathway in S. cerevisiae. Low pH capability influenced the thermodynamic
equilibrium of the critical reaction in the inositol pathway in favour of product formation. In
S. cerevisiae peroxisomal pH was found to have a crucial thermodynamic impinge on FA
energy metabolism. Yields of FA based pathways appeared to be strongly dependent on the
applied carbon-source and capability of acetyl-CoA recycling as a by-product of B-oxidation.
In some cases, extreme differences between the organisms were found, in particular the 2-
oxoadipate based routes delivered high yields in E. coli but featured the lowest in S.
cerevisiae. In both organisms, the routes via 3-oxoadipate achieve the highest yields but are
limited by a thermodynamic equilibrium on the substrate side. The only thermodynamically
favoured routes are shikimate pathway based (dehydroshikimate, anthranilate and pHBA
routes), which can achieve moderate to high yields. In a subsequent analysis aiming at
commercial viability, where constraints were tightened, only the dehydroshikimate and
isochorismate routes (in E. coli) were robust enough to deliver product at a high yield
however at cost of low product titer. Other pathways could achieve higher titers, but at
significantly lower yields. Still, publications on the respective pathways are far behind the
determined maxima and achieve at best mediocre product titers and yields, hinting at kinetic
and/or product export limitations.

Despite the theoretical nature of our analysis or perhaps exactly due to that, we were able to
identify fundamental predetermined restrictions for adipic acid formation, providing a

profound guidance for the development of worthwhile bio-production. The ability to
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792  determine infeasible flux patterns will be pivotal for strain and process design, as tailored
793  strain construction should avoid infeasible flux distributions.

794
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Figure legends

Abstract Graphic: Workflow of the analysis depicting how the respective parts are tied into
the whole study.

Figure 1: Overview of metabolic routes to adipic acid and its precursors, muconic and
glucaric acid. Each major pathway has several sub-routes that utilize alternative biochemical
conversions, which can significantly influence titer, yield and productivity. Biochemical
reduction of muconic and glucaric acid to adipic acid, has not yet been accomplished and is
therefore indicated as hypothetical with dashed lines.

Figure 2: Logarithmic plot of internal and external adipic acid concentration ratios of the
different studied transport mechanisms for E. coli (red) and S. cerevisiae (blue). The four
different scenarios are passive diffusion of neutralized acid, proton anionic symporter,
transport of dissociated acid with ATP usage, and ABC-transporter operating at equilibrium.
Figure 3: Maximum carbon yields for pathways to production of adipic acid (and its direct
precursors) and impact of thermodynamics on these. Yields are given in % [C-mol/C-mol].
(A) E. coli and (B) S. cerevisiae.

Figure 4: Numbers of EFMs for studied pathways to production of adipic acid, total EFMs
(blue), product forming EFMs (red) and thermodynamically feasible EFMs (green), in (A) E.
coli and (B) S. cerevisiae.

Figure 5: Product vs. biomass carbon yield plots of feasible and infeasible modes from
NExT-EMA analysis of certain shikimate pathway based routes in E. coli. Each point in a
chart corresponds to the specific product and biomass yield of the respective elementary flux
mode. Yields are carbon yields in %. Color code: feasible EFMs under physiological
conditions (blue), feasible EFMs under industrially relevant conditions (green), infeasible
EFMs under physiological conditions (pink), infeasible EFMs under industrially relevant

conditions (red). (A) Feasible EFMs of the dehydroshikimate route, (B) Infeasible EFMs of
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the dehydroshikimate route, (C) Feasible EFMs of the isochorismate route, (D) Infeasible
EFMs of isochorismate route.

Figure 6: Glycolysis based pathways for biological production of the principal adipic acid
precursors muconic and glucaric acid. Intermediates that define a pathway are written in bold
and are underlined; central intermediates of a separate route are written in bold only. Dashed
lines indicate multiple steps.

Figure 7: TCA cycle based pathways for biological production of adipic acid. Intermediates
that define a pathway are written in bold and are underlined; central intermediates of a
separate route are written in bold only. Dashed lines indicate multiple steps.

Figure 8: Fatty acid metabolism based pathways for biological production of adipic acid.
Different pathways are written in bold and are underlined. Rather than distinguishing
between different routes to adipic acid this variant for adipic acid production is determined by
the type of carbon-source used (not apparent from the figure) and the points of entry into the
pathway cascade, which are written in bold. Dashed lines indicate multiple steps.

Figure 9: Flowchart for NET-analysis of elementary flux modes. EMA = elementary mode
analysis; CCM = component contribution method; NET-analysis = network-embedded
thermodynamic analysis; sgn = sign function: If EFMs are not already binary, reactions were
constrained according to the direction (2 sign) of the flux determined, for zero flux the

reaction was considered unconstrained.
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Appendix A

A.1 Handling of metabolic networks and assumptions for thermodynamic data

A.1.1 Principles, (biophysical) data and assumptions for construction of models

While glucose transport in E. coli and S. cerevisiae can be considered non-limiting under

most circumstances %

, the exact uptake mechanism for FA into the cell is currently unclear.
Given that the lipophilic character of the uncharged alkane residue dominates over the
carboxylic acid function '% transport should purely depend on the concentration gradient,
oil/water interface and partitioning coefficient. Due to the lack of data we assumed free and
non-limiting palmitate influx. A4b initio reaction directionalities were inferred from
experimentally curated data (EcoCyc '”, SGD %). Water was not balanced (since water is
necessarily ubiquitous in a biological system) for enumeration of elementary flux modes, in
order to reduce the number of irrelevant modes.

However, water was naturally respected for thermodynamic analysis. Also, protons were
balanced in all reactions for thermodynamics analysis (cf. supplementary files 6 & 7,
“Models” sheet). Further, reactions that consume or produce CO,, needed to be balanced with
one equivalent of HO on the opposing side of the reaction to balance oxygen, as in the
system the total CO, (co2tot) is distributed among the species HCOj', C032, CO; and H,CO;
in aqueous phase '”*. Global carbon balancing reactions (E. coli R1 — R13 and S. cerevisiae
R1 —R11) are irrelevant for NET-analysis and were therefore disregarded for thermodynamic
analysis, as was the biomass equation (determination of A;G not applicable, reaction assumed
feasible). The Gibbs energies of all other remaining reactions were estimated and naturally
taken into account for the thermodynamics analyses. The full networks are included as
supplementary material (supplementary files 2 & 3 contain the models for enumeration of
EFMs and supplementary files 6 & 7 contain the models for thermodynamic analysis) as

example for use with NExT-EMA.
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Thermodynamic data of compounds (A«G"), including pseudoisomers, was obtained using the
website version (http:/equilibrator.weizmann.ac.il) of the eQuilibrator tool '”’. Experimental

108,110 was always preferred over component contribution method ® derived values, if

data
neither was available it was derived by means of group contribution method i principles.
The different Gibbs energy of formation data sources were handled as described before %, in
order to avoid potential inconsistencies. Biophysical data (pH, ionic strength, redox potential,
relative size) for the different compartments (extracellular, cytosol, mitochondrial matrix &
intermembrane space, peroxisome) was compiled from different sources. In detail an ionic
strength of 0.15M was assumed for all compartments *” in both organisms. Respective
standard extracellular and cytosolic pH levels of 7.0 and 7.6 were used for E. coli . For low
pH conditions 5.9 (extracellular) and 6.1 (cytosol) were used ‘. For S. cerevisiae an
extracellular pH of 6.7, a cytosolic pH of 7.2 and mitochondrial pH levels of 7.5 (matrix) and
6.4 (inter-membrane space) were used as standard conditions ", Outgoing from reported low

101, 102

extracellular, cytosolic pHs (3.5 and 4.4) the mitochondrial values were estimated (4.7

and 3.6) by assuming the same gradient as at standard conditions. As peroxisomal pH is
highly disputed (latest theories indicate variability due to a Donnan equilibrium 1
suggesting a variable pH gradient /%) two scenarios with the maximum (8.2) and minimum
(5.8) ' reported pHs were investigated. Redox potentials were estimated accordingly: based
on the proton motive force and the cytosolic redox potential for S. cerevisiae of -286 mV **
the membrane potential was related to the pH gradient as described previously ', resulting
in peroxisomal redox potentials of -345 mV and -203 mV respectively. The extracellular
redox potential was estimated to be -196 mV, based on the value for the cytosol and an
average trans-membrane potential of Ay = 90 mV /. Outgoing from this and an average

trans-membrane potential of Ay = 120 mV /7 the cytosolic redox potential of E. coli was

accordingly estimated to be -316 mV. Mitochondrial (-296 mV) and inter-membrane
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61, 67
%", Volume of

(-219 mV) redox potentials were adapted from literature ''* as done before
the peroxisomal compartment was adjusted depending on the pathway / carbon-source used:
while under conditions of growth on glucose the peroxisomes typically only make up 1 to 2%
of the total volume of the cells, it increases with FAs and certain other substrates, in some
cases reaching up to 80% '’*. Further, when applying more accurate constraints through
limited metabolite concentrations, the significance of the results is improved. Where
available for E. coli and S. cerevisiae metabolism, maximum and minimum metabolite

56, 63 ..
27 or limited

concentrations were applied. These were adopted from previous analyses
between 0.0001 mM and 10 mM "% All biophysical data is also included in supplementary
files 6 & 7.

A.1.2 Errors Gibbs energies estimated with NExT-EMA

NExT, and thus also NExT-EMA, does not consider errors in the AfGO estimates or the
influence of ionic strength uncertainties nor the propagation into the final A,G® estimates.
However, this analysis considers wide ranges of metabolite concentration, which have been
previously shown to dwarf the uncertainty of the estimated A,G values o Similarly, errors in
AG" due to ionic strength are small, a 0.1 M error will result in less than a 2 kJ/mol error in
the A,G”. Furthermore, results have been carefully analysed, the cases where the extreme
A/G is less than the error of component contribution method or ionic strength have been

tagged as borderline, in order to be considered with caution (see supplementary files 6 & 7,

“infeasible patterns” sheet).
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A.2 Considerations, assumptions and calculations for tightened constraints

A.2.1 Definition of thresholds for yield, titer and rate

With industrial application in mind, the pathway networks were subject to analysis under

tightened conditions. Metabolite constraints, in particular the minimum concentrations, were

tightened based on performance criteria dictated by economic viability regarding yield, titer
and rate. Specifically,

1. Minimize substrate costs: pathways were filtered based on a minimum product carbon
yield; only EFMs that achieved a product carbon yield higher than 50% or 75% (two
different scenarios) were subject to the tightened thermodynamic analysis.

2. Minimize downstream purification costs: a lower limit for the external product
concentration (100 mM or 5 mM) was introduced. This requirement affects the minimal
internal product concentration and hereby influences metabolite concentrations.

3. Maximise productivity of capital infrastructure: a minimum flux rate of
0.01 mol/(gcpwxh) was assumed. This restriction constrains the minimum internal
metabolites concentration as explained in A.2.2.

These industry requirements for yield, titer and rate were slightly adjusted from published

values to suite the nature of the present study, based on the following rationales:

For a biotechnological production process, the yield is typically higher than 85% of the

theoretical maximum °’ — as the present study compares different pathways (rather than

different products) a constant threshold of 75% minimum total carbon yield was introduced
in order to filter the pathways. Depending on the pathway this is in accordance with the
reported industry requirement: if the Y. of a certain pathway is lower than 88.2% the
criterion is met. For the lower constant threshold of 50% minimum product carbon yield,

pathways with a Y, lower than 58.8% still meet the criterion.
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In a biotechnological production process, titers need to be at least 50 g/L */ — solubility of
adipic acid in water is slightly lower, depending on the temperature (= 30 — 49 g/L), which
limits the upper end. Further, the total concentration of all intracellular metabolites is
commonly 300 mM '’ while the measured maximum for a single species is just below 100
mM. Thus, in order to avoid overcrowding of the intracellular volume, the maximum internal
adipic acid concentration was limited to 100 mM (= 15 g/L). The minimum external product
concentrations of 5 mM and 100 mM were chosen based on the outcome of the respective
analyses, to achieve a meaningful clustering of the pathways and allow classification of the
results.

Biotechnological production processes typically achieve rates around 2 g/(Lxh) */ — here a
rate of 0.01 mol/(gcpw*h) (= 2 g/(gcpwxh)), was used. This can be achieved with at least 1
g/L biomass, which is on the lower end of typical large-scale fermentation processes.

A.2.2 Constraining internal metabolite concentrations

At low substrate concentration, [S] << K., the rate through an enzyme is dictated by
v = [E] % (kea/Kin) % [S]. There are limits for how high the enzyme concentration ([E]) can be
and how high the specificity of the enzyme (k../Ky,) can be. Accordingly, there is also a limit
to how low the concentration [S] can be, when the rate must be at least 0.01 mol/gcpwx*h.

We will assume that no enzyme contributes more than 1% to the total proteome. This
corresponds to the most abundant enzyme in E. coli, namely the acetyl-carrier protein (ACP),
with up to 60.000 copies per cell, i.e., 1x10™" mol/cell or 8.6x10™'® g/cell (when considering
the M,, of ACP) 20 \With a minimum mass of a single E. coli cell of 1.5 x10713 gcepw/cell 121
and a protein content of 0.5 g/gcpw 2%, this translate to an ACP fraction of ca. 1% of the
whole proteome. A similar fraction is found for a fully induced LacZ '*. Using an average
M,, for enzymes of 50 kDa 24 the maximum theoretical enzyme concentration can be

calculated to be [E]max = 1x107 mol/gcpw.
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2 1f we

The 90™ percentile of k../Kp, reported for all EC classes is approx. 1x107 1/(sxM)
use this as the maximum value, then (Kea/Ki)max X [E]max becomes 1 L/(sxgepw) and the
minimum concentration can be determined from [S]min = Vmin/(1 L/(sXgcpw) x 3600 s/h).
With a required vy, of 0.01 mol/(gcpwxh), the minimum substrate concentration of any
reaction becomes 0.003 mM. Using different k.,/K,, values for the six enzyme classes, the
minimum substrate concentrations for each metabolite can be differentiated. For detailed

step-by-step calculations and the resulting minimal metabolite concentrations for the

individual scenarios, please refer to supplementary file 8.

ACS Paragon P?&s Environment

Page 54 of 75



Page 55 of 75

oNOYTULT D WN =

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

ACS Synthetic Biology

A.3 Troubleshooting algorithm for identification of infeasibility-patterns

A workflow (cf. supplementary file 11) was developed to identify sets of directionalities
(patterns) that cause a group of EFMs to be infeasible.

The algorithm consists of an iterative process, where first a reaction that, if removed would
render the model thermodynamically feasible, is identified. Then it verifies that the
directionality in the particular reaction is sufficient to render the model infeasible. These
steps are repeated including further reactions until the smallest set of reactions, which is
required to render the model infeasible is found.

First, feasible and infeasible EFMs were compared by means of the directionality of the
reactions belonging to these two groups, i.e. the reactions that always had the same direction
in all feasible or all infeasible EFMs were identified. By comparing these two groups of
reactions, combinations of reactions (patterns) that potentially caused infeasibility could be
identified. In case no clear differences were found between the directionality of feasible and
infeasible EFMs, the constraints of the first infeasible EFM were used as input for the
troubleshooting algorithm to identify the infeasibility-patterns.

The identified pattern, or first infeasible EFM constraints, were analysed with NExT using a
novel troubleshooting algorithm. The algorithm identified a set of directionalities that under
the specified conditions of metabolite concentrations deemed an EFM thermodynamically
infeasible. We named this set of directionality-constrains infeasible-pattern. In detail, the first
reaction/s of the pattern was/were identified by a thermodynamic feasibility check starting
with a model without directionality constraints. Then directionality constraints were added
incrementally one by one and the feasibility of the model was checked for each additional
constraint: when an added constraint caused the model to become infeasible, the reaction was
removed as constraint and selected as a candidate for an infeasible-pattern. After the first

round with all constraints, the identified conflicting directions were re-evaluated, checking if
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the directionalities in the particular reactions were sufficient to render the model infeasible. If
the model was thermodynamically feasible a second round of testing of the constraints was
performed. In the second round the model constraints considered initially were the ones
identified in the first round, the remaining directionality constrains were added one by one.
Analogue to the first round, more directionality constraints that would make the model
infeasible were identified. The process was repeated until the full pattern of infeasibility
constrains was identified, i.e. the selected directionality constraints generated a
thermodynamically infeasible model.

Finally, the infeasible EFMs were crosschecked in order to verify that removing the identified
pattern constraints would cause these previously infeasible EFMs to become feasible. If some
EFMs remained infeasible after the removal of the pattern constraints, the process was
repeated with the remaining infeasible EFMs, in order to identify additional infeasible-

patterns.

ACS Paragon P?és Environment

Page 56 of 75



Page 57 of 75

oNOYTULT D WN =

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

ACS Synthetic Biology

Appendix B

Supporting Information

Supplementary file 1: Adipic acid export analysis: interactive excel file with detailed step-
by-step calculations of the different product export scenarios in E. coli and S. cerevisiae.
Supplementary files 2 & 3: EMA networks: excel files containing the stoichiometric
networks of E. coli and S. cerevisiae for Elementary Mode Analysis. Sheets in the excel files
are sorted by pathway, with the last sheet containing additional information regarding the
literature the pathways were compiled from, key intermediates in order to identify the
pathways, as well as maximum product carbon yields for adipic, muconic and glucaric acid.
Supplementary files 4 & 5: Product carbon yield vs. biomass plots of feasible and infeasible
modes from NExT-EMA analysis of E. coli and S. cerevisiae. Each point in a chart
corresponds to the specific product and biomass yield of the respective elementary flux mode.
Yields are carbon yields in %.

Supplementary files 6 & 7: NET-analysis networks: Excel files containing the stoichiometric
networks as well as physical data for compartments and metabolites of E. coli and S.
cerevisiae for NET analysis and results of the different thermodynamic analyses, including
detailed information on the infeasibility of the flux modes of each network (infeasible-
patterns), ArG values of reactions at different pHs, and the tightened metabolite
concentration ranges for the analysis regarding industrial viability.

Supplementary file 8: Excel files containing assumptions and calculations for determination
of minimal metabolite concentrations based on enzyme kinetics.

Supplementary file 9: Details on feasibility of EFMs of the different pathways under
constrained metabolite concentration ranges and different minima for production of the target

compound (analysis for industrial viability).
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Supplementary file 10: Plots of metabolite ranges in the feasible EFMs of the industrial
viability analysis.

Supplementary file 11: Figure depicting workflow for identification of infeasible-patterns.
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Figure 3: Maximum carbon yields for pathways to production of adipic acid (and its direct precursors) and
impact of thermodynamics on these. Yields are given in % [C-mol/C-mol]. (A) E. coli and (B) S. cerevisiae.
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Figure 4: Numbers of EFMs for studied pathways to produce adipic acid, total EFMs (blue), product forming
EFMs (red) and thermodynamically feasible EFMs (green), in (A) E. coli and (B) S. cerevisiae.
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33 Figure 5: Product vs. biomass carbon yield plots of feasible and infeasible modes from NEXT-EMA analysis of
34 certain shikimate pathway based routes in E. coli. Each point in a chart corresponds to the specific product
and biomass yield of the respective elementary flux mode. Yields are carbon yields in %. Color code:
feasible EFMs under physiological conditions (blue), feasible EFMs under industrially relevant conditions
(green), infeasible EFMs under physiological conditions (pink), infeasible EFMs under industrially relevant
37 conditions (red). (A) Feasible EFMs of the dehydroshikimate route, (B) Infeasible EFMs of the
38 dehydroshikimate route, (C) Feasible EFMs of the isochorismate route, (D) Infeasible EFMs of isochorismate
39 route.
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Figure 6: Glycolysis based pathways for biological production of the adipic acid precursors muconic and
glucaric acid. Intermediates that define a pathway are written in bold and are underlined; central
intermediates of a separate route are written in bold only. Dashed lines indicate multiple steps.
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35 Figure 7: TCA cycle based pathways for biological production of adipic acid. Intermediates that define a
pathway are written in bold and are underlined; central intermediates of a separate route are written in bold
only. Dashed lines indicate multiple steps.

38 69x59mm (300 x 300 DPI)

60 ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Synthetic Biology

2 Malonyl-CoA — — — — — » Fatty acid synthesis
I
I

\j
Fatty acid (Cp.s-1s)
-~ — Acetyl-CoA \ _—%0,

3 H-CoA
<[~ co, 4
Hexanoate w-Hydroxycarboxylate (C..s-1s)
— 0 ~xl
«}  woudation -
6-Hydroxyhexanoate w-Oxocarboxylate (C,.s-1s) Adipate
p A
-~ —H0 H-CoA %] _» Acetyl-CoA
- - H,0 A / Acetate
2
6-Oxohexanoate Dicarboxylate (C,.s - 15)
Adipyl-CoA (C,.¢)
H,0
NS H-CoA
<
Adipats « L
w-Carboxyacyl-CoA (C,) w-Carboxyacyl-CoA (Cp.2.cycies)
0, w Acetyl-CoA
HzOg
v H-CoA
w-Carboxv-trans-Z,3-Dehydroacyl-CoA
(w-Carboxyenoyl-CoA) w-Carboxy-3-Oxoacyl-CoA

W (ADH]
a4

w-Carboxy-3-Hydroxyacyl- CoA

Figure 8: Fatty acid metabolism based pathways for biological production of adipic acid. Different pathways
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variant for adipic acid production is determined by the type of carbon-source used (not apparent from the
figure) and the points of entry into the pathway cascade, which are indicated in bold. Dashed lines indicate

multiple steps.
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34 Figure 9: Flowchart for NET-analysis of elementary flux modes. EMA = elementary mode analysis; NET-
analysis = network-embedded thermodynamic analysis; IS = ionic strength; sgn = sign function: If EFMs
are not already binary, reactions were constrained according to the direction (2 sign) of the flux determined,

36 for zero flux the reaction was considered unconstrained.

38 36x35mm (300 x 300 DPI)

60 ACS Paragon Plus Environment



