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Abstract

Modern genetic engineering tools allow the manipulation of metabolic networks for different
purposes, ranging from the effective bioproduction of value-added chemicals with microor-
ganisms to medical applications. This practice, also known as metabolic engineering, is often
aided by computational design methods that predict suitable genetic intervention targets. The
minimal cut set (MCS) method presents a powerful tool for the computer-aided design of
genome-scale metabolic networks, and is based on mixed integer linear programming (MILP).
An MCS is a minimal set of interventions that reshapes a wild type metabolism according to a
template of undesired and desired metabolic functions. This work extends and generalizes the
framework of MCS and presents new algorithmic and theoretical developments which largely
broaden its spectrum of applications.

Many metabolic engineering approaches aim to enforce or improve the product synthesis
of bioproduction hosts. A common goal is to couple the microbial growth to the synthesis
of a product and make the product of interest a mandatory byproduct of growth. Although
a multitude of strain design approaches employ this general principle, various and partially
contradicting notions of the actual growth coupling relationship prevail. To systematize these
notions, this work proposes four degrees of growth-coupled product synthesis with gradually
increasing rigidity. It will be shown that an extended MCS algorithm allows the computation
of strain designs for all four coupling degrees within one framework, thereby closing the gap
between bilevel and MCS-based strain design approaches.

Beyond growth-coupled strain design, the MCS approach is extended by a number of
functional generalizations, including a new compression routine for gene-protein-reaction asso-
ciations, the support of reaction and gene additions, the possibility to specify multiple undesired
and desired flux regions and the use of individual cost factors for different interventions. These
generalizations allow, for example, the efficient computation of gene-based MCS and of strain
designs that involve the expression of heterologous pathways or substrate co-feeding.

The MCS algorithm can be used to generate large pools of strain design candidates. To
select a specific candidate for experimental implementation, one must weigh its individual
strengths and weaknesses. The screening procedure presented herein uses ten criteria to assess
the performance, robustness and experimental effort of a candidate and is not limited to MCS
strain designs. Different intervention strategies with identical metabolic outcomes, e.g., by
blocking the same pathway with the knockout of different enzymes, are gathered in equivalence
classes of which only one candidate needs to be assessed. A ranked list of the candidates can
be obtained by weighting the benchmarks from each criterion with suitable ranking factors.
The ranking approach can be used to characterize reaction- and gene-based MCS and strain
designs with different growth-coupling degrees.

All algorithmic developments of this work have been integrated into the MATLAB-based
CellNetAnalyzer toolbox and were verified with various computation examples.
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Acronyms

Notation Description

1,4-BDO 1,4-butanediol
2,3-BDO 2,3-butanediol
ACP ATP-coupled production
API application programming interface
ATP adenosine triphosphate
CBM constrained-based modeling
CDW cell dry weight
CNA CellNetAnalyzer
dACP directionally ATP-coupled production
dGCP directionally growth-coupled production
DNF disjunctive normal form
ED Entner-Doudoroff pathway
EFM elementary flux mode
EFV elementary flux vector
FBA flux balance analysis
FVA flux variability analysis
GCP growth-coupled production
GPR gene-protein-reaction
GRPY growth-rate-product-yield space
GUI graphical user interface
IS intervention strategy
LFP linear-fractional program
LP linear program
MBLP mixed binary linear program
MCS minimal cut set
MDF max-min driving force
MILP mixed integer linear program
NAD(P)H nicotinamide adenine dinucleotide (phosphate)
NGAM non-growth-associated ATP maintenance
optMDF optimal max-min driving force
PE production envelope
pGCP potentially growth-coupled production
SL synthetic lethal
SUCP substrate-uptake-coupled production
wGCP weakly growth-coupled production
YS yield space
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