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Saccharomyces cerevisiae is an important industrial cell factory and an attractive experimental model for
evaluating novel metabolic engineering strategies. Many current and potential products of this yeast
require acetyl coenzyme A (acetyl-CoA) as a precursor and pathways towards these products are gen-
erally expressed in its cytosol. The native S. cerevisiae pathway for production of cytosolic acetyl-CoA
consumes 2 ATP equivalents in the acetyl-CoA synthetase reaction. Catabolism of additional sugar sub-
strate, which may be required to generate this ATP, negatively affects product yields. Here, we review
alternative pathways that can be engineered into yeast to optimize supply of cytosolic acetyl-CoA as a
precursor for product formation. Particular attention is paid to reaction stoichiometry, free-energy
conservation and redox-cofactor balancing of alternative pathways for acetyl-CoA synthesis from glu-
cose. A theoretical analysis of maximally attainable yields on glucose of four compounds (n-butanol, citric
acid, palmitic acid and farnesene) showed a strong product dependency of the optimal pathway con-
figuration for acetyl-CoA synthesis. Moreover, this analysis showed that combination of different acetyl-
CoA production pathways may be required to achieve optimal product yields. This review underlines that
an integral analysis of energy coupling and redox-cofactor balancing in precursor-supply and product-
formation pathways is crucial for the design of efficient cell factories.
© 2016 International Metabolic Engineering Society. Published by Elsevier Inc. On behalf of International
Metabolic Engineering Society. All rights reserved.
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1. Introduction

Over the past decades, the yeast Saccharomyces cerevisiae has
become an important, multi-purpose cell factory (Nielsen, 2014;
Nielsen et al., 2013). Its popularity is and continues to be stimu-
lated by a large body of knowledge on yeast physiology and by fast
developments in yeast molecular genetics, genomics and systems
biology. A myriad of product pathways introduced into S. cerevisiae
now enable the synthesis, from simple sugars, of products as di-
verse as benzylisoquinoline alkaloids (DelLoache et al., 2015),
C4-alcohols (Avalos et al., 2013; Branduardi et al., 2013; Steen et al.,
2008), flavonoids (Koopman et al., 2012), isoprenoids (Beekwilder
et al.,, 2014; Verwaal et al., 2007), organic acids (Miller et al., 2011;
Porro et al., 1995; Van Maris et al., 2004b; Zelle et al., 2008) and
fatty acids (Choi and Da Silva, 2014).

Acetyl coenzyme A (acetyl-CoA), an essential molecule in all
known life forms (Kanehisa et al., 2014), is a key precursor for
many compounds whose production by S. cerevisiae has been
made possible by metabolic engineering. Examples include n-bu-
tanol (Krivoruchko et al., 2013), (poly)hydroxybutyrate (Kocharin
et al,, 2013; Leaf et al., 1996), fatty acids and derived compounds
(Choi and Da Silva, 2014), isoprenoids such as p-carotene (Verwaal
et al., 2007), farnesene (Sandoval et al., 2014) and artemisinic acid
(Paddon et al., 2013) and flavonoids such as naringenin (Koopman
et al,, 2012). In native yeast metabolism, acetyl-CoA is required for
synthesis of amino acids (e.g. leucine, arginine, methionine and
cysteine), fatty acids, sterols, glutathione, N-acetylglucosamine
and S-adenosyl-methionine (Kanehisa et al., 2014; Oura, 1972).
Moreover, acetyl-CoA acts as acetyl donor for protein acetylation
(Galdieri et al., 2014; Pokholok et al., 2005) and as an effector of
enzymes (e.g. pyruvate carboxylase; Gailiusis et al., 1964; Ruiz-
Amil et al., 1965).

In biotechnological processes for production of commodity
chemicals from carbohydrates, costs of the feedstock may con-
tribute up to 75% of the total costs (Lynd et al., 1999). In such cases,
process economy dictates that product yields on substrate should
approximate the theoretical maxima defined by elemental con-
servation laws and thermodynamics (Cueto-Rojas et al., 2015). To
avoid excessive biomass formation, while still fulfilling energy
requirements for cellular maintenance, product formation should
ideally lead to a low but positive net ATP gain. Furthermore, pro-
cesses should preferably be anaerobic, to maximize product yields
and eliminate costs for oxygenation of large reactors. Even when
thermodynamic- or biochemical constraints demand oxygen
consumption, product yields on oxygen should be maximized, for
example by eliminating ATP-requiring reactions in product for-
mation. In view of these generic optimization criteria, ATP

stoichiometry, carbon conservation and redox-cofactor balancing
strongly affect process economy in microbial production processes
(De Kok et al., 2012; Weusthuis et al., 2011).

The eukaryote S. cerevisiae uses dedicated mechanisms to meet
acetyl-CoA requirements in its different subcellular compartments
(Krivoruchko et al., 2015), of which the cytosolic and mitochon-
drial compartments are especially relevant for industrial product
formation by this yeast. Since the inner mitochondrial membrane
is impermeable to acetyl-CoA, mitochondrial acetyl-CoA cannot be
directly exported to the cytosol (Flikweert et al., 1999; Van den
Berg and Steensma, 1995). This compartmentation of acetyl-CoA
metabolism directly affects cellular energetics since, in terms of
ATP stoichiometry, the mitochondrial pyruvate-dehydrogenase
(PDH) complex is superior to the PDH bypass pathway for cytosolic
acetyl-CoA synthesis (Table 1; Pronk et al., 1994). Directly con-
necting a heterologous or synthetic product pathway to the mi-
tochondrial acetyl-CoA pool would therefore require targeting of
pathway enzymes to the mitochondrial matrix. Moreover, ex-
tensive engineering would be required to enable efficient mi-
tochondrial transport of pathway intermediates, products and/or
cofactors. So far, only few studies have explored functional ex-
pression of heterologous product pathways in yeast mitochondria
(Avalos et al., 2013; Farhi et al., 2011). Instead, product pathways
are commonly expressed in the yeast cytosol and, therefore, de-
pendent on the cytosolic acetyl-CoA pool. Since the nuclear en-
velope is permeable for small molecules such as acetyl-CoA, the
nucleosol, in which important histone acetylation reactions occur,
is implicitly included in the cytosol throughout this review.

Recent publications have reviewed the roles of acetyl-CoA in
yeast metabolism (Krivoruchko et al., 2015), yeast metabolic en-
gineering (Krivoruchko et al., 2015; Lian and Zhao, 2015a; Sheng
and Feng, 2015) and yeast cellular regulation (Galdieri et al., 2014).
The present review focuses on aspects of metabolic engineering of
acetyl-CoA metabolism in S. cerevisiae that goes beyond the scope
of these previous papers. In particular, we systematically evaluate
ATP stoichiometry, carbon conservation and redox-cofactor re-
quirements of different native and engineered cytosolic acetyl-CoA
forming pathways and of shuttle mechanisms that may be used to
transport mitochondrial acetyl-moieties to the yeast cytosol. To
analyze the product dependency of optimum pathway configura-
tions for precursor supply, the reviewed cytosolic acetyl-CoA
supplying pathways are quantitatively evaluated in terms of
maximally attainable yields on substrate and oxygen of four in-
dustrially relevant compounds: (i) n-butanol, (ii) citric acid, (iii)
palmitic acid and (iv) farnesene. Additionally, thermodynamic and
kinetic aspects of the alternative pathways are discussed. Although
we focus on acetyl-CoA as a precursor in S. cerevisiae, the concepts
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Table 1

Overall stoichiometry for formation from glucose of one mole of cytosolic acetyl-
CoA for the native yeast S. cerevisiae PDH bypass pathway and for various alter-
native routes based on heterologous enzyme activities. Routes with the same
overall stoichiometries are presented together.

Native yeast PDH bypass (via AMP-forming acetyl-CoA synthetase)
% glucose+2 NAD(P)* +ATP+ CoA +H,0 — acetyl-CoA+2

(NAD(P)H+H™")+CO,+ADP+P;
PDH bypass (via ADP-forming acetyl-CoA synthetase)

% glucose+2 NAD(P)* +CoA — acetyl-CoA+2 (NAD(P)H+H*)+CO,

Phosphoketolase and phosphotransacetylase

% glucose—o—% ATP+CoA — acetyl—CoA+% (ADP + P;)+% H,0

ATP-independent oxidative conversion from pyruvate to acetyl-CoA (via
A-ALD; PDHy; PFL with FDH; or PDH,;; with carnitine shuttle)

% glucose+2NAD* +ADP+P;+CoA —

acetyl-CoA+2(NADH+H™")+CO,+ATP+H,0
Pyruvate oxidase
% glucose+NAD* + ADP+P;+CoA + %

0, — acetyl-CoA+NADH+H™ +CO,+ATP+2H,0

Citrate-oxaloacetate shuttle with ACL; or Ach1 with succinyl-CoA ligase and
ACS

% glucose+2NAD™* +CoA — acetyl-CoA+2(NADH+H™")+CO,

Abbreviations: acetyl-CoA, acetyl coenzyme A; A-ALD, acetylating acetaldehyde
dehydrogenase; Achl, coA-transferase; ACL, ATP-citrate lyase; ACS, acetyl-CoA
synthethase; ALD, acetaldehyde dehydrogenase; CoA, coenzyme A; FDH, formate
dehydrogenase; PDHcy, cytosolic pyruvate dehydrogenase; PDHp,;, mitochondrial
pyruvate dehydrogenase; PFL, pyruvate-formate lyase.

discussed herein are also applicable to other precursors and
microorganisms.

2. Reaction stoichiometries of pathways for cytosolic acetyl-
CoA supply

2.1. Native pathway in glucose-grown S. cerevisiae: the PDH bypass

Prokaryotes generally produce acetyl-CoA from glucose via
pathways that do not involve a net hydrolysis of ATP. Instead, most
eukaryotic pathways for cytosolic acetyl-CoA synthesis have a
higher ATP expenditure. In S. cerevisiae, the native pathway for
cytosolic acetyl-CoA synthesis from pyruvate consist of pyruvate
decarboxylase (PDC; EC 4.1.1.1), NAD*"-or NADPT'-dependent
acetaldehyde dehydrogenase (ALD; EC 1.2.1.3 (NAD " -dependent),
EC 1.2.1.4 (NADP™'-dependent)) and the ATP-requiring reaction
catalyzed by acetyl-CoA synthetase (ACS; EC 6.2.1.1). These reac-
tions are collectively referred to as the pyruvate-dehydrogenase

Fig. 1. Schematic representation of alternative routes for formation of acetyl-CoA in
the cytosol of Saccharomyces cerevisiae A native PDH bypass; engineered pyruvate
oxidase; pyruvate-formate lyase and formate dehydrogenase; pyruvate dehy-
drogenase; and acetylating acetaldehyde dehydrogenase. B One possible config-
uration of acetyl-CoA formation via phosphoketolase/-transacetylase in combina-
tion with pentose-phosphate-pathway enzymes, fructose-1,6-bisphosphatase and
glycolysis (figure adapted from Bogorad et al. (2013)). C Shuttle mechanisms that
result in net export of acetyl moieties from the mitochondrial matrix to the cytosol:
citrate-oxaloacetate shuttle; carnitine shuttle; and mitochondrial formation of
acetate by Ach1 followed by export to the cytosol. Abbreviations: acetyl-CoA, acetyl
coenzyme A; A-ALD, acetylating acetaldehyde dehydrogenase; Achl, CoA-trans-
ferase; ACL, ATP-citrate lyase; ACS, acetyl-CoA synthethase; ADH, alcohol dehy-
drogenase; ALD, acetaldehyde dehydrogenase; CAT, carnitine acetyltransferase; CIT,
citrate synthase; E4P, erythrose-4-phosphate; F1,6P, fructose-1,6-bisphosphate;
F6P, fructose-6-phosphate; FDH, formate dehydrogenase; G3P, glyceraldehyde-3-
phosphate; LSC, succinyl-CoA ligase; PDC, pyruvate decarboxylase; PDH, pyruvate
dehydrogenase complex; PFL, pyruvate-formate lyase; PK, phosphoketolase; POX,
pyruvate oxidase; PTA, phosphotransacetylase; R5P, ribose-5-phosphate; S7P, se-
doheptulose-7-phoshate; X5P, xylulose-5-phosphate.
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acetate+ATP+ CoA=acetyl-CoA+AMP+PP;. (1)

When activation of acetate by ACS is followed by the reactions
catalyzed by pyrophosphatase (EC 3.6.1.1) and adenylate kinase
(EC 2.7.4.3), the overall reaction sequence involves the net hy-
drolysis of 2 ATP to 2 ADP and 2 P, Involvement of pyropho-
sphatase has a strong impact on the overall thermodynamics of
acetate activation. Reaction (1) has an estimated AGR® of —
45Kk mol~! (Flamholz et al., 2012), which decreases to —
20.3 k] mol~! (Flamholz et al., 2012) when the pyrophosphatase
reaction is included, thus enabling this essential biosynthetic re-
action to function in vivo at a wide range of concentrations of its
substrates and products.

Stoichiometrically, formation of 1 acetyl-CoA from glucose
through glycolysis and PDH bypass requires 1 ATP and results in
the net formation of 2 NADH or 1 NADH and 1 NADPH (Table 1).
ATP required for cytosolic acetyl-CoA synthesis has to be gener-
ated by dissimilation of glucose through respiratory or fermenta-
tive dissimilation of glucose. This ATP requirement for precursor
supply can severely limit the maximum attainable yields on glu-
cose of cytosolic acetyl-CoA-derived products by S. cerevisiae.

2.2. Heterologous pathways for cytosolic acetyl-CoA supply

To decrease ATP costs for cytosolic acetyl-CoA supply, alter-
native (heterologous) pathways that convert glucose into cytosolic
acetyl-CoA can be considered for functional replacement of the
PDH bypass. For example, one might consider replacing the native
S. cerevisiae ACS by a heterologous ADP-forming acetyl-CoA syn-
thetase (EC 6.2.1.13), which catalyzes the conversion of acetate and
ATP to acetyl-CoA and ADP:

acetate+ATP+ CoA=acetyl-CoA+ADP +P;. (2)

This apparently simple replacement would make formation of
acetyl-CoA from glucose an ATP-neutral process, while still gen-
erating 2 mol of NAD(P)H per mole of acetyl-CoA (Table 1).
However, with an estimated AGg* of +3.6 k] mol~! (Flamholz
et al., 2012), use of ADP-forming ACS as an acetyl-CoA generating
reaction poses strict requirements on the concentrations of in-
tracellular substrate and product concentrations. To our knowl-
edge, ADP-forming acetyl-CoA synthetases have not yet been
functionally expressed in yeast.

In this section, six additional heterologous acetyl-CoA supply-
ing routes are discussed in terms of their ATP- and redox-cofactor
stoichiometry and with respect to their functional expression in S.
cerevisiae. Five of these routes, relying on phosphoketolase/-
transacetylase, acetylating acetaldehyde dehydrogenase, pyruvate-
formate lyase, pyruvate dehydrogenase and pyruvate oxidase
(Fig. 1A and B), have already been implemented in S. cerevisiae. A
sixth, based on pyruvate-ferredoxin/flavodoxin oxidoreductase,
has not yet been expressed in yeast.

2.2.1. Phosphoketolase and phosphotransacetylase

Phosphoketolase (PK; EC 4.1.2.9 and EC 4.1.2.22) and phos-
photransacetylase (PTA; EC 2.3.1.8) are involved in the central
carbon metabolism of heterofermentative lactic acid bacteria and
in some fungi (Evans and Ratledge, 1984; Kandler, 1983). PK en-
zymes can use either fructose-6-P, xylulose-5-P or ribulose-5-P as
substrates (Heath et al., 1958; Schramm et al., 1958) and differ
with respect to their specificities for these three substrates (Chang
et al., 2014; Heath et al., 1958; Schramm et al., 1958). PK converts
these sugar phosphates and inorganic phosphate into acetyl-P and
either erythrose-4-P or glyceraldehyde-3-P:

fructose-6-P+P;=acetyl-P+erythrose-4-P+H,0, 3)

xylulose-5-P + P;=acetyl-P+ glyceraldehyde-3-P+H,0, (4)

ribulose-5-P + P;=acetyl-P + glyceraldehyde-3-P +H,0. (5)

The acetyl-P formed in Reactions (3)-(5), which are all ex-
ergonic under biochemical standard conditions (estimated AGg
°=_499 to —63.2 k] mol~!; Flamholz et al., 2012), can subse-
quently be converted to acetyl-CoA by the reversible PTA reaction
(Stadtman, 1952; estimated AGR”=—9.8 kj mol~! in the acetyl-
CoA forming direction; Flamholz et al., 2012):

acetyl-P+CoA=acetyl-CoA+P;. (6)

Schramm and Racker (1957) postulated that concerted action of
PK, enzymes of the non-oxidative part of the pentose-phosphate
pathway, glycolysis and the gluconeogenic enzyme, fructose-1,6-
bisphosphatase (FBPase; EC 3.1.3.11), could catalyze conversion of
1 mole of fructose-6-P, without carbon loss, into 3 moles of acetyl-
P (Fig. 1B), according to the following net reaction:

fructose-6-P+2P;=3 acetyl-P+2 H,O0. (7)

Reaction (7) is strongly exergonic (estimated AGR®'=-—
302.2 k] mol~!; Flamholz et al., 2012), suggesting that it should
operate when the required enzymes are simultaneously present.
Indeed, Schramm et al. (1958) observed a yield of acetate on
fructose-6-P in cell extracts of Acetobacter xylinum that was con-
sistent with the operation of this so-called fructose-6-P shunt.
Over half a century later, conversion of fructose-6-P to acetyl-P
without carbon loss was ‘rediscovered’ (Bogorad et al., 2013), this
time in a reconstituted in vitro enzyme system. Subsequent ex-
pression of Bifidobacterium adolescentis PK and overexpression of
FBPase in an engineered E. coli strain enabled anaerobic conver-
sion of xylose to acetate at a molar yield of 2.2 mol mol~'. This
stoichiometry is close to 2.5 mol mol~!, the predicted yield for
in vivo operation of the fructose-6-P shunt (Bogorad et al., 2013).

In theory, it should be possible to implement a full fructose-6-P
shunt in S. cerevisiae (Fig. 1B) by expression of heterologous PK and
PTA enzymes and bypassing the glucose repression of the yeast
FBP1 gene and glucose inactivation of the encoded FBPase (Gan-
cedo, 1971; Gancedo and Gancedo, 1971). Provided that futile cy-
cling as a result of the simultaneous presence of phospho-
fructokinase and FBPase (Navas and Gancedo, 1996) can be avoi-
ded, this strategy should enable formation of 1 mole of acetyl-CoA
at the cost of only one-third of a mole of ATP, without involvement
of redox cofactors (Table 1). The same stoichiometry for conver-
sion of sugar to acetyl-CoA can be achieved in a cycle similar to the
one shown in Fig. 1B, but with xylulose-5-P as the sole substrate
for PK. When subsequent formation of a product from acetyl-CoA
does not yield ATP, respiratory dissimilation of acetyl-CoA via the
TCA-cycle or simultaneous operation of an alternative, ATP-yield-
ing pathway for cytosolic acetyl-CoA synthesis will be required.
Similarly, when product formation from acetyl-CoA requires NAD
(P)H, electrons will have to be made available elsewhere in me-
tabolism. PK can also be combined with acetate kinase (AK; EC
2.7.2.1; acetyl-P+ADP=acetate+ATP). The thus formed acetate
can be used by ACS, yielding acetyl-CoA, albeit at a decreased ATP
efficacy compared to PK/PTA.

While PK activity has been reported in wild-type strains of S.
cerevisiae (Evans and Ratledge, 1984; Sonderegger et al., 2004;
Thykaer and Nielsen, 2007), activities in cell extracts are low and
the responsible gene has not been identified. Several studies have
explored expression of heterologous PK and PTA or AK genes in S.
cerevisiae. In a study on pentose fermentation, PK from Bifido-
bacterium lactis and PTA from Bacillus subtilis were successfully
expressed in S. cerevisiae, as confirmed by enzyme assays (Son-
deregger et al., 2004). Later studies combined expression of a
heterologous PK with either expression of an AK from Aspergillus
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nidulans or of a PTA from B. subtilis in order to improve production
of fatty-acid ethyl esters and polyhydroxybutyrate by S. cerevisiae
(De Jong et al., 2014; Kocharin et al., 2013). However, during
growth on glucose, the flux through the PK pathway in these
modified S. cerevisiae strains appeared to be low (De Jong et al.,
2014; Kocharin et al., 2013). In patent literature, implementation of
a PK/PTA pathway in yeast has been reported, combining the PK
from Leuconostoc mesenteroides and PTA from Clostridium kluyveri
(Hawkins et al., 2014) with a route towards the isoprenoid farne-
sene, whose synthesis requires 9 mol mol~! of acetyl-CoA (Gard-
ner et al., 2013; Hawkins et al., 2014).

2.2.2. Acetylating acetaldehyde dehydrogenase

Acetylating acetaldehyde dehydrogenase (A-ALD; EC 1.2.1.10) is
involved in the C, metabolism of prokaryotes and catalyzes the
following reversible reaction:

acetaldehyde +NAD* 4+ CoA=acetyl-CoA+NADH+H™. (8)

Under biochemical standard conditions, the estimated AGg® of
this reversible reaction is —17 k] mol~! in the acetyl-CoA forming
direction (Flamholz et al, 2012). In contrast to
NAD(P)*-dependent ALD and ACS (Fig. 1A; Table 1), which to-
gether catalyze the conversion of acetaldehyde to acetyl-CoA in
the native PDH bypass, Reaction (8) does not require ATP. Con-
version of glucose to acetyl-CoA via glycolysis, PDC and A-ALD
yields 1 mole of ATP and 2 moles of NAD(P)H per mole of acetyl-
CoA (Fig. 1A; Table 1). Thus, A-ALD provides metabolic engineers
with an ATP-yielding option for the synthesis of cytosolic acetyl-
CoA from glucose. Furthermore, in contrast to the PK/PTA pathway,
this route also yields NADH.

Kozak et al. (2014a) demonstrated functional expression of five
prokaryotic A-ALDs, originating from E. coli (mhpF and EutE),
Pseudomonas sp. (dmpF), Staphylococcus aureus (adhE) and Listeria
innocua (lin1129), in S. cerevisiae. Expression of A-ALD was shown
to functionally complement inactivation of the native PDH bypass
pathway for cytosolic acetyl-CoA synthesis (Kozak et al., 2014a),
although biomass yields of the engineered strains were lower than
expected (see below). The potential benefit of A-ALD on cellular
energetics is even larger when ethanol is considered as (co-)sub-
strate (Kozak et al., 2016). Ethanol metabolism by S. cerevisiae is
initiated by its conversion to cytosolic acetyl-CoA through the
concerted activity of alcohol dehydrogenase, ALD and ACS. In a
theoretical analysis, Kozak et al. (2016) showed that replacing this
native route by an engineered A-ALD-dependent route could po-
tentially increase the biomass yield on ethanol by up to 40%. If this
strategy can be functionally implemented, these ATP savings could
make ethanol a much more attractive (co-)substrate for industrial
production of acetyl-CoA derived molecules.

2.2.3. Pyruvate-formate lyase

Another reaction that yields acetyl-CoA from pyruvate is cata-
lyzed by pyruvate-formate lyase (PFL; EC 2.3.1.54; Chantrenne and
Lipmann, 1950):

pyruvate +CoA=acetyl-CoA + formate. (9)

Reaction (9) has an estimated AGR* of —21.2 k] mol~! (Flam-
holz et al., 2012) and plays a key role in fermentation pathways in
a large number of anaerobic microorganisms (Dandekar et al.,
1999; Stairs et al., 2011). The redox-cofactor stoichiometry of the
formation of acetyl-CoA from glucose through PFL depends on the
subsequent metabolic fate of formate. To obtain the highest pos-
sible electron efficacy and to avoid weak-organic-acid uncoupling
by formate (Geertman et al.,, 2006; Overkamp et al., 2002), the
formate produced by PFL has to be oxidized to CO,, a reaction
catalyzed by formate dehydrogenase (FDH; EC 1.2.1.2):

formate+NAD " =CO,+NADH+H™. (10)

Formation of acetyl-CoA from glucose through the combined
action of PFL and NAD "-dependent FDH yields 1 ATP and 2 NADH
per acetyl-CoA, which is identical to the net stoichiometry of the
A-ALD route described above (Fig. 1A; Table 1). Theoretically, ap-
plication of PFL with or without FDH or together with a formate-
hydrogen lyase (EC 1.1.99.33; Sawers, 1994), creates flexibility in
metabolic engineering strategies that include these enzymes.
Furthermore, protein engineering has yielded FDH enzymes that
use NADP™" instead of NAD™ as a cofactor (Hoelsch et al., 2013;
Serov et al., 2002). The latter option is of particular interest when
product formation pathways downstream of acetyl-CoA use
NADPH as the electron donor, as is for instance the case in fatty-
acid synthesis. However, the biochemistry of PFL and, as will be
discussed later, FDH represent significant challenges.

Catalytic activity of PFL depends on a radical residue, which is
introduced by abstraction of a hydrogen atom from its active site
by a specific PFL-activating enzyme (PFL-AE; EC 1.97.1.4). Activa-
tion of PFL by PFL-AE involves the flavoprotein flavodoxin (Knappe
et al., 1969). In E. coli, flavodoxin is encoded by fldA and its re-
duction depends on the flavodoxin-NADP* reductase, encoded by
fpr (Mclver et al., 1998). Its radical residue makes PFL highly sen-
sitive to molecular oxygen, which causes irreversible cleavage of
PFL in two inactive fragments (Knappe et al., 1969). Moreover, also
the essential [4Fe-4S] cluster in the active site of PFL-AE is oxygen
labile (Kiilzer et al., 1998).

PFL and PFL-AE from E. coli were first expressed in S. cerevisiae
by Waks and Silver (2009), who demonstrated formate accumu-
lation during anaerobic growth of the resulting yeast strains. PFL
was subsequently shown to functionally replace the native PDH
bypass as the sole pathway for cytosolic acetyl-CoA synthesis in
anaerobic S. cerevisiae cultures (Kozak et al., 2014a). Expression of
PFL and PFL-AE from either E. coli or Lactobacillus plantarum sup-
ported anaerobic specific growth rates of an Acs™ strain of up to
73% of that of the Acs™ reference strain. It is presently unclear
which S. cerevisiae proteins functionally replace bacterial flavo-
doxins in these studies (Kozak et al., 2014a; Waks and Silver,
2009). Recently, co-expression of the flavodoxin:NADP* reductase
system from E. coli was shown to enable PFL-dependent growth of
engineered Pdc S. cerevisiae strains under microaerobic conditions
(Y. Zhang et al., 2015b).

2.2.4. Pyruvate dehydrogenase complex

The pyruvate dehydrogenase (PDH) complex (EC 1.2.4.1, EC
2.3.1.12, EC 1.8.1.4) catalyzes the oxidative decarboxylation of
pyruvate into acetyl-CoA:

pyruvate + NAD" +CoA = acetyl-CoA + CO,+NADH + H* (11)

The estimated AGr® of the overall reaction catalyzed by this
multi-enzyme complex is —40.2 k] mol~! (Flamholz et al., 2012).
Before the recent discovery of a nuclear PDH complex in human
cells (Sutendra et al., 2014), eukaryotic PDH complexes were as-
sumed to be confined to mitochondria, as is also the case in S.
cerevisiae (Van den Berg and Steensma, 1995). Direct conversion of
pyruvate to cytosolic acetyl-CoA via Reaction (11) therefore either
requires relocalization of the native yeast mitochondrial PDH
complex to the cytosol or cytosolic expression of a heterologous
PDH complex. Stoichiometrically, formation of acetyl-CoA via a
cytosolic PDH complex corresponds to the A-ALD or PFL/FDH-
based pathways discussed above (Table 1). However, in contrast to
these pathways, acetyl-CoA generation by the PDH complex does
not involve the potentially toxic intermediates acetaldehyde or
formate (Fig. 1A).

Functional expression of a heterologous PDH complex is com-
plicated by its multi-subunit organization. The E1 subunit, in many
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organisms consisting of separate Ela and E1p subunits, has pyr-
uvate dehydrogenase activity (EC 1.2.4.1), E2 has dihydrolipoamide
acetyltransferase activity (EC 1.2.4.1) and E3 has dihydrolipoyl
dehydrogenase activity (EC 1.2.4.1) (Koike et al., 1963; Zhou et al.,
2001). Multiple copies of each subunit assemble into a ~10 MDa
complex (Snoep et al., 1992), which makes the whole complex
larger than a yeast ribosome (Melnikov et al., 2012). Furthermore,
the E2 subunit is only active when covalently linked to lipoic acid,
which requires a specific lipoylation system (Cronan et al., 2005).
As an additional complication, the E3 subunit of many PDH com-
plexes is strongly inhibited by high [NADH]/[NAD " | ratios. In most
organisms, the PDH complex is therefore only active under aerobic
conditions, when [NADH]/[NAD™"] ratios are lower than under
anaerobic conditions (Bekers et al., 2015; Canelas et al., 2008;
Snoep et al., 1992). However, the PDH complex from the Gram-
positive bacterium Enterococcus faecalis was shown to exhibit a
remarkably low sensitivity to high [NADH]/[NAD*] ratios (Snoep
et al., 1993), which enables it to function in its native host under
anaerobic conditions (Snoep et al., 1992).

Functional expression and assembly of the E. faecalis PDH
complex in the cytosol of S. cerevisiae was recently demonstrated
(Kozak et al., 2014b). In vivo PDH activity not only required het-
erologous expression of the Ela, E1B8, E2 and E3 subunits of E.
faecalis PDH, but also of two E. faecalis genes involved in lipoyla-
tion of the E2 subunit and supplementation of growth media with
lipoic acid. The in vivo activity of the cytosolic PDH-complex was
sufficient to meet the cytosolic acetyl-CoA demand for growth, as
demonstrated by complementation in Acs~ S. cerevisiae strains
(Kozak et al., 2014b). Growth of these strains was also observed
under anaerobic conditions, consistent with the previously re-
ported ability of this PDH complex to operate at elevated
[NADH]/[NAD "] ratios (see above).

2.2.5. Pyruvate oxidase

In many prokaryotes, the flavoprotein pyruvate oxidase (POX;
EC 1.2.3.3) catalyzes oxidative decarboxylation of pyruvate to
acetyl-P and donates electrons to oxygen, thereby forming hy-
drogen peroxide (Lipmann, 1940; Tittmann et al., 2005):

pyruvate + P;+ O, =acetyl-P+ CO, + H,0,. (12)

Following this strongly exergonic reaction (estimated AGR®' = —
163.8 k] mol~!; Flamholz et al., 2012), acetyl-CoA can be formed
from acetyl-P by PTA (Reaction (6)). Detoxification of hydrogen
peroxide can, for example, occur via catalase (EC 1.11.1.6):

2 H,0,=0,+2 H,0. (13)

Formation of 1 acetyl-CoA from glucose via glycolysis, Reac-
tions (12), (13) and PTA (Reaction (6)) consumes % 0, and forms
1 NADH and ATP (Fig. 1A; Table 1). Compared to the ATP-in-
dependent oxidative conversions of pyruvate into acetyl-CoA (by
A-ALD, PFL/FDH or PDH), the POX route requires oxygen and yields
fewer reducing equivalents. There is as yet no scientific literature
on implementation of the POX strategy for cytosolic acetyl-CoA
supply in S. cerevisiae. However, a recent patent application re-
ports that combined expression of POX from Aerococcus viridans
with a PTA increased the specific growth rate of an S. cerevisiae
strain in which the PDH bypass was inactivated by deletion of all
three pyruvate-decarboxylase genes (Nielsen et al., 2015).

2.2.6. Pyruvate-ferredoxin/flavodoxin oxidoreductase

Similar to the PDH complex, pyruvate-ferredoxin/flavodoxin
oxidoreductase (PFO; EC 1.2.7.1) catalyzes oxidative decarboxyla-
tion of pyruvate to acetyl-CoA (Ragsdale, 2003). However, unlike
the NADH-yielding PDH reaction, PFO transfers electrons to fer-
redoxin or flavodoxin. The iron-sulfur-cluster-containing PFO is

oxygen sensitive, which probably restricts its applicability to
anaerobic conditions. In some organisms, including Helicobacter
pylori, an NADP* -flavodoxin oxidoreductase (FPR; EC 1.18.1.2) can
transfer electrons from reduced flavodoxin to NADP*, yielding
NADPH (Hughes et al., 1998). Interestingly, the protist Euglena
gracilis harbors a chimeric mitochondrial pyruvate-NADP* oxi-
doreductase (EC 1.2.1.51) protein, which integrates PFO and FPR
activity (Inui et al., 1984a; Rotte et al.,, 2001). In these reactions,
pyruvate is converted into acetyl-CoA via PFO or via PFO and FPR
through, respectively, the following reactions:

pyruvate + ferredoxin/flavodoxin (oxidized)+CoA=acetyl-CoA
+CO, +ferredoxin/flavodoxin (reduced), (14)

pyruvate+NADP* +CoA=acetyl-CoA+CO,+NADPH+H*.  (15)

Reactions (14) and (15) both have negative AGg* values (esti-
mated at —23.6 (with ferredoxin as redox cofactor) and —
32.9 k] mol~ !, respectively; Flamholz et al., 2012). Application of
PFO and/or PFR for yeast metabolic engineering would require
efficient regeneration of the reduced co-factors. For optimal elec-
tron efficacy, this would require reductive reaction steps down-
stream of acetyl-CoA that re-oxidize either reduced ferredoxin/
flavodoxin or NADPH, as has for instance been shown for the
anaerobic conversion of glucose to wax esters by E. gracilis (Inui
et al., 1984b). If this requirement can be met, the overall stoi-
chiometric impact of these enzymes on product formation would
be identical to that of PDH, but would expand flexibility with re-
spect to redox-cofactor specificity.

2.3. Export of mitochondrial acetyl moieties to the cytosol via shuttle
mechanisms

The six strategies discussed above rely on direct formation of
acetyl-CoA in the yeast cytosol. Alternatively, cytosolic acetyl-CoA
may be provided through mitochondrial, ATP-independent for-
mation of acetyl-CoA via the native PDH complex using shuttle
mechanisms. Three such mechanisms that, by a combination of
enzyme-catalyzed reactions and transport steps, enable the net
export of mitochondrial acetyl moieties to the cytosol, are dis-
cussed below: the citrate-oxaloacetate shuttle, the carnitine
shuttle and a shuttle mechanism that relies on mitochondrial
conversion of acetyl-CoA to acetate.

2.3.1. Citrate-oxaloacetate shuttle

The citrate-oxaloacetate shuttle uses oxaloacetate as a carrier
molecule to transfer acetyl moieties across the mitochondrial
membrane. This shuttle not only occurs in many higher eukaryotes,
but also in oleaginous yeasts, where it provides cytosolic acetyl-CoA
for lipid synthesis (Boulton and Ratledge, 1981). In the citrate-ox-
aloacetate shuttle, acetyl-CoA formed by the mitochondrial PDH
complex first reacts with oxaloacetate in a reaction catalyzed by
mitochondrial citrate synthase (EC 2.3.3.1; Fig. 1C). Citrate gener-
ated in this reaction is then exported from the mitochondria via
antiport with oxaloacetate or malate (Brunengraber and Low-
enstein, 1973). The acceptor molecule in this shuttle mechanism,
oxaloacetate, is then regenerated by ATP-dependent cleavage of
citrate, catalyzed by cytosolic ATP-citrate lyase (ACL; EC 2.3.3.8):

citrate + ATP+ CoA=acetyl-CoA + oxaloacetate + ADP+P; (16)

Finally, antiport of cytosolic oxaloacetate with mitochondrial
citrate enables a new cycle of the shuttle (Fig. 1C). As the ATP
generated via glycolysis is hydrolyzed again in Reaction (16), for-
mation of cytosolic acetyl-CoA from glucose via ACL is ATP neutral
and results in formation of 1 NADH in the cytosol and 1 NADH in
the mitochondria (Table 1). To maintain redox-cofactor balance,
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NADH formed in the mitochondria should either be re-oxidized via
respiration or, via involvement of mitochondrial redox shuttles
(Bakker et al., 2001), be translocated to the cytosol to be reoxidized
in a product formation pathway.

In contrast to oleaginous yeasts, S. cerevisiae does not contain
ACL (Boulton and Ratledge, 1981). However, S. cerevisiae mi-
tochondria do contain a functional citrate-a-ketoglutarate anti-
porter, encoded by YHM?2, which also has activity with ox-
aloacetate (Castegna et al., 2010). Functional expression of ACL
from Arabidopsis thaliana in S. cerevisiae was first demonstrated by
in vitro enzyme assays (Fatland et al, 2002). Two subsequent
studies investigated the impact of the citrate-oxaloacetate shuttle
on production of acetyl-CoA derived compounds by S. cerevisiae.
Tang et al. (2013) showed that expression of a murine ACL resulted
in a 1.1-1.2 fold increase in fatty-acid content during stationary
phase (Tang et al., 2013). Similarly, expression of ACL from Yarro-
wia lipolytica resulted in a 2.4 fold increase of the n-butanol yield
on glucose in S. cerevisiae strains that co-expressed a heterologous,
acetyl-CoA dependent pathway to n-butanol (Lian et al., 2014). In
another study, expression of the ACL enzymes from A. nidulans,
Mus musculus, Y. lipolytica, Rhodosporidium toruloides and Lipo-
myces starkeyii in S. cerevisiae demonstrated that the A. nidulans
ACL resulted in 4.2-9.7 fold higher activity than the other ACLs
(Rodriguez et al., 2016). By applying a push/pull/block strategy on
an S. cerevisiae strain expressing the A. nidulans ACL, acetyl-CoA-
dependent production of mevalonate was improved (Rodriguez
et al., 2016).

ACL is also involved in another potentially interesting strategy for
cytosolic acetyl-CoA formation. This strategy, which has hitherto only
been partially successful in E. coli, relies on reversal of the glyoxylate
cycle by introduction of several ATP-dependent steps (Mainguet
et al, 2013). By combined expression of ATP-citrate lyase, malate
thiokinase (EC 6.2.1.9; malate+ CoA-+ ATP=malyl-CoA+ADP+P;)
and a malyl-CoA lyase (EC 4.1.3.24; malyl-CoA=acetyl-CoA-+ glyox-
ylate), this pathway should enable the in vivo conversion of succinate
and malate to oxaloacetate and 2 acetyl-CoA (Mainguet et al., 2013).
While further research is required before this strategy can be applied
in metabolic engineering, it could enable efficient conversion of C4
substrates to 2 acetyl-CoA, without loss of carbon in the form of CO-.
However, this high carbon conversion will be at the expense of ATP
hydrolysis.

2.3.2. Carnitine shuttle

The carnitine shuttle, which uses the quaternary ammonium
compound L-carnitine as a carrier molecule, enables transport of
acyl moieties between eukaryotic organelles (Bieber, 1988). When
acetyl-CoA is the substrate, the carnitine shuttle consists of cyto-
solic and mitochondrial carnitine acetyltransferases (EC 2.3.1.7),
which transfer activated acetyl-CoA to L-carnitine and vice versa
(Reaction (17)), as well as an acetyl-carnitine translocase in the
inner mitochondrial membrane (Fig. 1C).

L-carnitine +acetyl-CoA=acetyl-L-carnitine +CoA 17)

In S. cerevisiae, at least six proteins contribute to a functional
carnitine shuttle. In contrast to many other eukaryotes, including
mammals (Vax and Wanders, 2002) and the yeast Candida albicans
(Strijbis et al., 2009), S. cerevisiae lacks the genetic information
required for L-carnitine biosynthesis (Swiegers et al., 2001; Van
Roermund et al., 1995). Operation of the carnitine shuttle in S.
cerevisiae therefore depends on availability of exogenous L-carni-
tine, which is imported via the Hnm1 plasma-membrane trans-
porter (Aouida et al., 2013). Expression of HNM1 is regulated by
the plasma-membrane-spanning protein Agp2 (Aouida et al.,
2013; Van Roermund et al., 1999). S. cerevisiae harbors three car-
nitine acetyltransferases (Bieber, 1988), with different subcellular

localizations: Cat2 is active in the peroxisomal and mitochondrial
matrices (Elgersma et al., 1995), Yat1 is localized to the outer mi-
tochondrial membrane (Schmalix and Bandlow, 1993) and Yat2 is a
cytosolic protein (Huh et al.,, 2003; Koh et al., 2015; Swiegers et al.,
2001). The inner mitochondrial membrane contains an acetyl-
carnitine translocase, Crc1 (Franken et al., 2008; Kohlhaw and Tan-
Wilson, 1977; Palmieri et al., 1999; Van Roermund et al., 1999).

All components of the carnitine shuttle catalyze reversible re-
actions. Transport of the acetyl moiety of acetyl-CoA from the
mitochondria to the cytosol via the carnitine shuttle should
therefore, at least theoretically, enable the formation of acetyl-CoA
from glucose with the generation of 1 ATP and the formation of
1 NADH in the mitochondria and 1 NADH in the cytosol (Table 1).
However, in S. cerevisiae strains that express the genes of the
carnitine shuttle from their native promotors, the shuttle does not
contribute to export of mitochondrial acetyl moieties during
growth on glucose (Van Maris et al., 2003). To circumvent the
glucose repression that occurs in wild-type S. cerevisiae (Elgersma
et al., 1995; Kispal et al., 1991; Schmalix and Bandlow, 1993), Van
Rossum et al. (2016b) recently constructed an S. cerevisiae strain in
which all genes involved in the carnitine shuttle were con-
stitutively expressed. Elimination of the PDH bypass in such a
strain background, followed by laboratory evolution, yielded
strains whose growth on glucose was dependent on r-carnitine
supplementation (Van Rossum et al., 2016b). This result indicated
that acquisition of specific mutations in the yeast genome indeed
allows the carnitine shuttle to export mitochondrial acetyl units to
the cytosol. While this study presented a first proof of concept,
further research is necessary to explore the potential industrial
relevance of the carnitine shuttle as an alternative mechanism for
supplying acetyl-CoA in S. cerevisiae.

2.3.3. Mitochondrial conversion of acetyl-CoA to acetate through the
CoA-transferase Achl

Whereas acetyl-CoA cannot cross the mitochondrial mem-
brane, acetate likely can (see below). Mitochondrial conversion of
acetyl-CoA to acetate, followed by export of acetate from the mi-
tochondria and its subsequent activation by cytosolic ACS, could
constitute an alternative acetyl-CoA shuttle (Fig. 1C). In S. cerevi-
siae, mitochondrial release of acetate from acetyl-CoA is catalyzed
by Achl1, which was originally characterized as a mitochondrial
acetyl-CoA hydrolase (EC 3.1.2.1; Buu et al., 2003). Subsequent in
vitro studies with purified protein showed that Ach1 is, in fact, a
CoA-transferase that can also catalyze the transfer of the CoA
group between various CoA esters and short-chain organic acids
(Fleck and Brock, 2009). When Ach1 uses succinate and acetyl-CoA
as substrates, this results in the following reversible reaction:

succinate +acetyl-CoA=succinyl-CoA+ acetate. (18)

The overall ATP cost (or yield) of formation of cytosolic acetyl-
CoA through this system depends on the reactions by which
acetate is formed. If acetate is formed by hydrolysis of mitochon-
drial acetyl-CoA, formation of cytosolic acetyl-CoA from glucose,
involving the native ACS, through this route costs 1 ATP. This
stoichiometry would not provide an energetic benefit over the
native PDH bypass. However, if mitochondrial acetate is formed by
a CoA-transfer reaction with succinate as CoA acceptor, one ATP
can be recovered by subsequently regenerating succinate via
succinyl-CoA ligase (EC 6.2.1.5; Przybyla-Zawislak et al., 1998):

succinyl-CoA+ADP+P;=succinate + ATP + CoA. (19)

In this scenario, formation of cytosolic acetyl-CoA from glucose
via Ach1-catalyzed CoA-transfer is an ATP neutral process (Fig. 1C;
Table 1). When combined with an ADP-forming ACS (see above),
formation of acetyl-CoA from glucose via this pathway could even
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result in a net yield of 1 mole of ATP per mole of acetyl-CoA. These
three scenarios all result in the formation of 1 mole of cytosolic
NADH and 1 mole of mitochondrial NADH per mole of acetyl-CoA
produced from glucose.

Combination of Ach1 activity with export of acetate to the cy-
tosol has recently been shown to enable cytosolic acetyl-CoA
synthesis in S. cerevisiae strains in which the PDH bypass was
impaired by deletion of the pyruvate decarboxylases PDC1, PDC5
and PDC6 (Chen et al., 2015). Such Pdc~ strains become auxo-
trophic for externally added acetate (or other C, compounds) as
substrate for the cytosolic acetyl-CoA synthase (Flikweert et al.,
1999). After previous studies had shown that this auxotrophy can
be overcome by either laboratory evolution or by introduction of a
stable MTH1 allele (Oud et al., 2012; Van Maris et al., 2004a), Chen
et al. (2015) showed that the acquired acetate prototrophy relies
on Achl. In these strains, Ach1 releases acetate in the mitochon-
dria that is subsequently transported to the cytosol and activated
to acetyl-CoA by cytosolic Acs1 and/or Acs2 (Reaction (1)) (Chen
et al.,, 2015). The in vivo capacity of Ach1 in glucose-grown cultures
of S. cerevisiae is low (Van Rossum et al., 2016a) and insufficient to
sustain fast growth of Pdc™ strains in the absence of further
modification or evolution (Oud et al., 2012). Therefore, to fully
explore the potential stoichiometric benefits of this system for
product formation, increasing pathway capacity should be a first
priority.

3. Coupling of cytosolic acetyl-CoA forming pathways to pro-
duct formation: a stoichiometric analysis

The cytosolic acetyl-CoA forming pathways discussed above
differ with respect to their acetyl-CoA, ATP, NAD(P)H and CO,
stoichiometries (Table 1). Pathways that further convert cytosolic
acetyl-CoA into industrially relevant products can have different
redox-cofactor and ATP requirements. Therefore, the design of
metabolic engineering strategies for optimal integration of acetyl-
CoA forming pathway(s) with product pathways requires a priori
stoichiometric analysis. Important considerations for designing
optimal pathway configurations include the theoretical maximum
reaction stoichiometry, thermodynamic feasibility and compat-
ibility with the native biochemistry of the (engineered) host
organism.

The maximum theoretical yield (mole product per mole sub-
strate, in the absence of growth) can be calculated without prior
assumptions on pathway biochemistry and describes a situation in
which all available electrons from the substrate end up in the
product of interest. In this situation, which does not involve the
use of external electron acceptors such as oxygen, the theoretical
maximum molar reaction stoichiometry can be written as follows
(Cueto-Rojas et al., 2015):

TP substrate +Nco,COz+n4,0H, O+ny+H+ 1 product = 0.
¥s

In this equation, y, and ys represent the degree of reduction (in
e-mol mol~!) of the product and substrate (Heijnen et al., 1992).
Molar stoichiometries of the other compounds (n¢,, Ni,o and ny.)
then follow from elemental and charge balances. The degree of
reduction is defined as the number of electrons that are released
when a chemical compound is completely converted to its most
oxidized stable reference compound(s). For carbohydrates and
other C-, H-and O-containing molecules, these oxidized reference
compounds are H,0, CO, and H* which, by convention, are as-
signed a y-value of 0. This assignment results in the following y-
value for the elements and charges: H=1; C=4; 0=-2; +=-1;
—=+1. The degree of reduction of any compound can then be
simply calculated from the sum of the y-values of its elements.

A first indication of whether a reaction is thermodynamically
feasible is provided by its Gibbs free energy change under bio-
chemical standard conditions (AGg®'), taking into account that
actual in vivo values of AGg also depend on concentrations of
substrates and products. In addition, AGgR® provides valuable in-
dications on whether the Gibbs-free energy change is sufficiently
negative to conserve free energy in the form of ATP for growth and
cellular maintenance and to provide the thermodynamic driving
force required for high reaction rates (Cueto-Rojas et al., 2015).
When experimental data on the free energy of formation (A¢G°) of
relevant compounds are not available, AGr® estimations can in-
stead be based on group contribution methods (Flamholz et al.,
2012; Noor et al., 2013). If the theoretical maximum stoichiometry
calculated via the degree-of-reduction approach is thermo-
dynamically feasible, it represents the ultimate benchmark for
assessment of alternative pathway configurations during the de-
sign phase of metabolic engineering projects.

Challenges in experimentally approaching maximum theore-
tical product yields by metabolic engineering are to a large extent
caused by constraints that are imposed by the native biochemistry
of microbial production hosts and/or by its (in)compatibility with
relevant heterologous and/or synthetic pathways for precursor
supply and product formation. For example, involvement of ATP-
requiring reactions or non-matching redox-cofactor specificities of
oxidative and reductive reactions in a pathway can constrain the
experimentally attainable product yield. Optimally choosing or (re)
designing pathway configurations in (central) metabolism is
therefore crucial for systematically approaching the theoretical
production yield.

To evaluate product dependency of the optimal reconfiguration
of cytosolic acetyl-CoA provision in yeast, we evaluate the alter-
native pathways discussed above for the production of four model
compounds: n-butanol, citric acid, palmitic acid and farnesene.
This analysis is based on a compartmentalized model of central
metabolism described by Carlson et al. (2002), supplemented with
(heterologous) reactions for acetyl-CoA formation, the lumped
reaction pathways from acetyl-CoA to the four products, as well as
some additional modifications (Box 1).

3.1. n-Butanol

n-Butanol, a linear 4-carbon alcohol, is a promising renewable
transport fuel as well as an industrial solvent and precursor for
chemical synthesis (Mascal, 2012), with a maximum theoretical
yield on glucose of 1 mol mol~" (Table 2). While various pathways
to n-butanol have been expressed in S. cerevisiae (Branduardi et al.,
2013; Lian et al., 2014; Steen et al., 2008; Swidah et al., 2015), only
the Clostridium pathway has acetyl-CoA as a precursor and is
therefore considered in this review (Fig. 2A). This pathway has the
following reaction stoichiometry:

2acetyl-CoA+4(NADH +H ™ )=n-butanol +4NAD*
+2CoA+H,0. (20)

All four pathways for acetyl-CoA production can result in redox-
cofactor balanced formation of butanol from glucose (Table 2). For
the three routes that produce acetyl-CoA from glucose via pyruvate,
the 4 NADH required for synthesis of 1 n-butanol are produced by
glycolysis and by the subsequent oxidative conversion of pyruvate
to acetyl-CoA. In the PK/PTA pathway, non-oxidative conversion of
% glucose to 2 acetyl-CoA requires, in parallel, the oxidation of %
glucose via glycolysis and TCA cycle to generate these 4 NADH.
Deriving NADH from the TCA cycle will require additional metabolic
engineering to overcome the subcellular compartmentation of
NADH metabolism in S. cerevisiae (Bakker et al., 2001) and the
down-regulation of TCA-cycle enzymes in anaerobic S. cerevisiae
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Box 1-Modifications to the Saccharomyces cerevisiae stoichiometric model of Carlson et al (2002), introduced to enable stoichiometric
comparison of different cytosolic acetyl-CoA forming pathways in the context of the production of n-butanol, citric acid, palmitic acid or
farnesene (for complete model in MetaTool format (Von Kamp and Schuster, 2006), see Supplementary data 1).

® Based on experimental data (Van Maris et al., 2003; Van Rossum et al., 2016b), transport of mitochondrial acetyl-CoA to the cytosol
was removed from the model.

® |ntroduction of reactions for formation of n-butanol, citric acid, palmitic acid or farnesene from cytosolic acetyl-CoA. Lumped
stoichiometries are given by Reactions (20)-(23).

® |ntroduction of NAD"-dependent acetaldehyde dehydrogenase, in addition to the NADP*-dependent reaction present in the
original model, thereby introducing redox cofactor flexibility in the PDH bypass.

® |ntroduction of ATP-citrate lyase to enable the citrate-oxaloacetate shuttle.

® |ntroduction of independent phosphoketolase activities with fructose-6-phosphate and xylulose-5-phosphate as the substrate;
introduction of phosphotransacetylase.

® |ntroduction of NAD"-dependent acetylating acetaldehyde dehydrogenase. The following three oxidative, ATP-independent
options from pyruvate to acetyl-CoA (Table 1) have the same overall stoichiometry as the acetylating acetaldehyde dehydrogenase-
based pathway and are therefore not individually modelled: cytosolic PDH complex, pyruvate-formate lyase with formate
dehydrogenase and export of mitochondrial acetyl moieties to the cytosol via the carnitine shuttle.

® To facilitate NADH generation via the TCA-cycle for products with a degree of reduction that is higher than that of glucose, the
succinate dehydrogenase reaction was modified to use NAD* instead of FAD . In practice, this could for instance be achieved by

overexpressing an NADH-dependent fumarate reductase (Salusjarvi et al., 2013; Yan et al., 2014).

Table 2

Overall stoichiometry for the formation of 1 mole of n-butanol with glucose as the
sole source of electrons (C4H;00; y=24 e-mol mol~!). The Gibbs free energy change
under biochemical standard conditions (AGr®') for the theoretical maximum re-
action stoichiometry is estimated at —265.9 + 12.6 k] mol ~! (Flamholz et al., 2012).
Overall reaction stoichiometries are obtained using MetaTool 5.1 (Von Kamp and
Schuster, 2006), based on an adapted version of the stoichiometric model of central
carbon metabolism of S. cerevisiae by Carlson et al. (2002). The listed reaction
stoichiometry for each pathway represents the flux solution with the highest
product yield on substrate. Any ATP requirement was preferentially met by
reoxidation of surplus NADH. If additional ATP was required, additional glucose
was used for complete respiratory dissimilation to generate the remaining ATP (P/O
ratio assumed to be 1 (Verduyn et al., 1991)). Surplus NADH not required for ATP
generation and/or ATP generated from the product formation pathways are
indicated in the stoichiometry. For simplicity, the reactants NAD*, ADP, P; and
H* are not shown.

Pathway Reaction stoichiometry Yield (mol,/mol)

Theoretical
maximum
PDH bypass

glucose - n-butanol+2 CO,+H,0 1

1 % glucose + % 0, —n-butanol + 0.889
22 C0,+12 H;0

Citrate-oxaloacetate  glucose — n-butanol+2C0,+H,0 1
shuttle with ACL

Phosphoketolase/- glucose — n-butanol +2C0, +H,0 1
transacetylase +ATP

ATP-independent glucose — n-butanol+2C0O,+H,0 1
pyruvate to acetyl- +2ATP
CoA routes?

? These pathway use either A-ALD, PDHy, PDHmi with the carnitine shuttle or,
when conditions are anaerobic, PFL with FDH.

cultures (Fendt and Sauer, 2010; Gancedo, 1998).

Comparison of n-butanol formation from glucose via the four
different pathways for acetyl-CoA formation clearly demonstrates
their impact on product yield. The ATP cost of the ACS reaction in
the PDH bypass necessitates respiratory dissimilation of glucose,
constraining the maximum attainable yield of n-butanol to
0.889 mol (mol glucose)~!. This pathway configuration therefore
precludes anaerobic, fermentative n-butanol production (Table 2).
Production of n-butanol from glucose is ATP neutral when acetyl-
CoA is formed via the citrate-oxaloacetate shuttle. This configura-
tion, however, still requires another dissimilatory pathway to
provide ATP for growth and cellular maintenance. The remaining
two pathways for acetyl-CoA formation enable production of n-
butanol at the maximum theoretical yield of 1 mol (mol glucose) ™"

and with a positive ATP yield, thereby potentially allowing for an
anaerobic, fermentative process. Use of the PK/PTA route partially
bypasses the substrate phosphorylation steps of glycolysis and
therefore yields only 1 mole of ATP per mole of n-butanol. ATP-
independent, oxidative conversion of pyruvate to acetyl-CoA (A-
ALD, PDHy: and PFL/FDH) enables the formation of 2 moles of ATP
per mole of n-butanol, which is identical to the ATP yield from
classical alcoholic fermentation of glucose by S. cerevisiae.

3.2. Citric acid

Citric acid, a six-carbon tricarboxylic acid, is currently produced
on an industrial scale using A. niger and can, alternatively, be
produced with the yeast Y. lipolytica (Max et al., 2010). Since citric
acid is more oxidized than glucose (degrees of reduction 18 and
24, respectively), it represents an interesting model product to
theoretically explore how redox-cofactor balancing of precursor
supply and product pathways can affect product yield. The key
enzyme in citric acid production (Fig. 2B), citrate synthase, uses
acetyl-CoA and oxaloacetate as substrates:

acetyl-CoA+ oxaloacetate + H,O =citrate + CoA. (21)

In A. niger, and likely also in Y. lipolytica, citrate synthase is
localized in the mitochondrial matrix (Ruijter et al., 2000). How-
ever, for this theoretical assessment of the impact of the different
cytosolic acetyl-CoA formation pathways on product yield, we will
assume a cytosolic localization. Formation of oxaloacetate from
glucose via the ATP-dependent carboxylation of pyruvate (EC
6.4.1.1; pyruvate+CO,+ATP+H,0=o0xaloacetate+ADP+P;) re-
sults in the formation of 1 NADH. Additionally, all oxidative routes
for acetyl-CoA formation result in the formation of an additional
2 NADH per citric acid. This ‘excess’ NADH can be reoxidized by
mitochondrial respiration, thus providing ATP for growth, main-
tenance, product export and, in some pathway configurations, for
acetyl-CoA formation (Table 3). Oxidative formation of acetyl-CoA
from pyruvate limits the maximum attainable yield of citric acid to
1 mol (mol glucose)~! (Table 3), which is substantially lower than
the theoretical maximum yield of citric acid on glucose
(1.33 mol mol ~'; Table 3). As described above, conversion of glu-
cose to acetyl-CoA via the PK/PTA pathway does not result in
NADH formation and even enables net incorporation of CO, into
the product. Use of PK/PTA for acetyl-CoA synthesis should
therefore enable a higher maximum attainable citrate yield on
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Fig. 2. Pathways for synthesis of four model compounds starting from cytosolic acetyl-CoA as the (main) precursor: A n-butanol, B citrate, C palmitic acid and D trans-p-
farnesene. Pathways are adapted and based on MetaCyc pathways PWY-6883, PWY-5750, PWY-922, PWY-5123 and PWY-5725 (Caspi et al., 2014) and on the review by

Tehlivets et al. (2007).

glucose of 1.2 mol mol~! (Table 3), which corresponds to 90% of
the maximum theoretical yield (Table 3). Engineering acetyl-CoA
formation via the PK/PTA route into Y. lipolytica and A. niger might
therefore be an interesting approach to increase citric acid yield on
glucose. Interestingly, both microorganisms already harbor a cy-
tosolic PK and, thereby, only seems to lack a functional PTA (Dujon
et al., 2004, Pel et al., 2007; Ratledge and Holdsworth, 1985). This
strategy does not only have the potential to increase the citric acid
yield on glucose, but also to increase the product yield on oxygen.
The lower ATP yield from citric acid formation via a PK/PTA

pathway can be beneficial for minimizing growth, although ATP
availability will be required for cellular maintenance, especially at
the low pH values that are typical for these processes.

3.3. Palmitic acid

Microbial production of lipids, whose applications range from
biofuels to cosmetics, is intensively investigated (Rude and Schirmer,
2009; Sheng and Feng, 2015). As a model compound, we consider
palmitic acid, a saturated C;g fatty acid that is considerably more
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Table 3

Overall stoichiometry for the formation of 1 mole of citric acid with glucose as the
sole source of electrons (CgHgO7; y=18 e-mol mol~!). The Gibbs free energy change
under biochemical standard conditions (AGg®') for the theoretical maximum re-
action stoichiometry is estimated at —143.5 + 9.1 k] mol~' (Flamholz et al., 2012).
Overall reaction stoichiometries are obtained using MetaTool 5.1 (Von Kamp and
Schuster, 2006), based on an adapted version of the stoichiometric model of central
carbon metabolism of S. cerevisiae by Carlson et al. (2002). The listed reaction
stoichiometry for each pathway represents the flux solution with the highest
product yield on substrate. Any ATP requirement was preferentially met by
reoxidation of surplus NADH. If additional ATP was required, additional glucose
was used for complete respiratory dissimilation to generate the remaining ATP (P/O
ratio assumed to be 1 (Verduyn et al., 1991)). Surplus NADH not required for ATP
generation and/or ATP generated from the product formation pathways are
indicated in the stoichiometry. For simplicity, the reactants NAD*, ADP, P; and
H™* are not shown.

Table 4

Overall stoichiometry for the formation of 1 mole of palmitic acid with glucose as
the sole source of electrons (C;6H3202; =92 e-mol mol~1!). The Gibbs free energy
change under biochemical standard conditions (AGr®') for the theoretical max-
imum reaction stoichiometry is estimated at —1161.2 +42.2 k] mol~! (Flamholz
et al., 2012). Overall reaction stoichiometries are obtained using MetaTool 5.1 (Von
Kamp and Schuster, 2006), based on an adapted version of the stoichiometric
model of central carbon metabolism of S. cerevisiae by Carlson et al. (2002). The
listed reaction stoichiometry for each pathway represents the flux solution with the
highest product yield on substrate. Any ATP requirement was preferentially met by
reoxidation of surplus NADH. If additional ATP was required, additional glucose was
used for complete respiratory dissimilation to generate the remaining ATP (P/O
ratio assumed to be 1 (Verduyn et al., 1991)). Surplus NADH not required for ATP
generation and/or ATP generated from the product formation pathways are
indicated in the stoichiometry. For simplicity, the reactants NAD*, ADP, P; and
H* are not shown.

Pathway Reaction stoichiometry Yield (mol,/moly)
Theoretical maximum % glucose+l% COy—ci- 1333
trate + % H,0
PDH bypass glucose+% 0, 1
—citrate+2 NADH
Citrate-oxaloacetate shuttle N.A. N.A.
with ACL
Phosphoketolase/- 5 glucose +CO, — citrate 1.2
transacetylase 6
+NADH
ATP-independent pyruvate to glucose — citrate + 3 1
acetyl-CoA routes” NADH + ATP

@ These pathway use either A-ALD, PDH.y, PDHp,;¢ with the carnitine shuttle or,
when conditions are anaerobic, PFL with FDH.

reduced than glucose (5 % e-mol C-mol~! and 4 e-mol C-mol !, re-
spectively). Its theoretical maximum yield on glucose is
0.261 mol mol . In the yeast cytosol, palmitic acid is synthesized by
a type-I fatty acid synthase (Tehlivets et al., 2007). Synthesis of pal-
mitic acid starts with an acetyl moiety, originating from cytosolic
acetyl-CoA, as a primer. The following 7 cycles of elongation use
malonyl-CoA, which is also produced from cytosolic acetyl-CoA, as
acetyl donor and involve the use of 2 NADPH for each elongation step
(Fig. 2C). When synthesis of malonyl-CoA from cytosolic acetyl-CoA
by acetyl-CoA carboxylase (EC 6.4.1.2), which requires 1 ATP per
malonyl-CoA, is included, the net reaction for formation of palmitic
acid from acetyl-CoA (Fig. 2C) is:

8acetyl-CoA+7ATP+ 14(NADPH+H*)+H,0 = palmitic
acid + 8CoA + 14NADP* + 7(ADP + P;). (22)

Stoichiometric analysis reveals the impact of redox-cofactor bal-
ancing on the palmitic-acid yield on glucose (Table 4). NADPH is the
preferred electron donor in fatty acid synthesis pathways, while NADH
is formed in most pathways that convert glucose into acetyl-CoA
(Table 4). Combining these precursor supply and product pathways
therefore not only requires a large additional flux through the oxida-
tive pentose-phosphate pathway to generate NADPH, but also gen-
erates a large amount of NADH. When palmitic acid production uses
cytosolic acetyl-CoA generated by the NAD " -dependent PDH bypass
route, all NADH generated in precursor supply has to be reoxidized to
NAD™ to provide ATP required for the ACS reaction. Use of the citrate-
oxaloacetate shuttle, which has a lower ATP requirement for acetyl-
CoA synthesis, leaves a larger fraction of the NADH from palmitic acid
production unused (Table 4). This fraction increases even further when
any of the ATP-independent pathways towards cytosolic acetyl-CoA
are used (Table 4). Respiratory reoxidation of this ‘excess’ NADH re-
spiration generates ATP, which enables extensive diversion of glucose
to biomass formation, thereby decreasing product yields. As a result of
this imbalance between NADH production and NADPH consumption,
the citrate-oxaloacetate shuttle and the ATP-independent acetyl-CoA
formation routes result in the lowest attainable palmitic acid yields

Pathway for acetyl-CoA Stoichiometry for formation  Yield (moly/mols)

formation of 1 palmitic acid
Theoretical maximum 3% glucose - palmitic 0.261
acid+7C0O,+7H,0
PDH bypass 4% glucose + 6% 0,-palmitic 0203
acid+131 €0,+13] H,0
Citrate-oxaloacetate 1 1 . 0.194
5- glucose+ 3= O almitic
shuttle with ACL 6 & 2 02P
acid+15 CO,+6 H,0+9NADH
Phosphoketolase/- 43 glucose+ 34 0, — palmitic 0.226
transacetylase 7 7
acid+102 €0,+10% H,0
ATP-independent pyr- 51 glucose — palmitic 0.194
uvate to acetyl-CoA 6
routes? acid+15C0, + 16NADH + ATP
Optimal combinatorial 0.232

configuration” 4% glucose + 2% 0, — palmitic

acid+ 9% CO+93H,0

2 These pathway use either A-ALD, PDHcyt, PDHmit with the carnitine shuttle
or, when conditions are anaerobic, PFL with FDH.

> 65% via phosphoketolase/-transacetylase and 35% via an ATP-independent
pyruvate to acetyl-CoA route.

(0.194 mol mol~!; Table 4).

The two remaining pathways for cytosolic acetyl-CoA forma-
tion are intrinsically more flexible in balancing NADH and NADPH
generation with cellular requirements. In the PDH bypass, in-
volvement of NADP*-dependent acetaldehyde dehydrogenase can
provide part of the NADPH required in Reaction (22), whilst si-
multaneously decreasing the formation of excess NADH. In con-
trast to the other pathways for cytosolic acetyl-CoA production
from glucose, the PK/PTA pathway does not result in NADH for-
mation (Fig. 1B). This property is highly advantageous for palmitic
acid production and enables a maximum attainable yield of pal-
mitic acid to glucose that corresponds to 87% of the maximum
theoretical yield when NADPH formation occurs via the oxidative
pentose-phosphate pathway (Table 4). An even higher maximum
attainable yield can be obtained by combining the PK/PTA path-
way with an ATP-independent route from pyruvate to acetyl-CoA.
In an optimal scenario, 65% of the acetyl-CoA should then be de-
rived from the PK/PTA pathway, enabling a maximum attainable
yield that corresponds to 89% of the theoretical maximum.

Regardless of the acetyl-CoA synthesis route, the dependence
of the discussed pathways on respiration to produce ATP and/or to
regenerate NAD* precludes the synthesis of palmitic acid a sole
catabolic pathway under anaerobic conditions. Interestingly, some
organisms do rely on fatty-acid synthesis as a catabolic, ATP gen-
erating pathway. For example, Euglena gracilis ferments sugars, via
fatty acids, to wax esters, which can constitute up to 60% of its dry
mass (Tucci et al., 2010). In this organism, pyruvate is converted to
acetyl-CoA via the chimeric PFO/PFR system discussed above (Inui
et al., 1991, 1984a). Moreover, fatty acid synthesis in E. gracilis does
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not rely on a malonyl-CoA-dependent fatty acid synthase pathway,
but on a reversed p-oxidation pathway, which does not involve
ATP hydrolysis (Khan and Kolattukudy, 1973).

3.4. Farnesene

The sesquiterpene trans-p-farnesene is a C;5 branched, un-
saturated hydrocarbon, which can be used for production of diesel
fuel, polymers and cosmetics (Rude and Schirmer, 2009). Farne-
sene can be produced from 3 molecules of mevalonate, generated
in the eukaryotic isoprenoid biosynthesis pathway. The mevalo-
nate pathway not only requires large amounts of ATP (see Reaction
(23)), but also combines all previously mentioned challenges in
balancing NADH, NADPH and ATP conversions. S. cerevisiae, which
does not naturally synthesize trans-p-farnesene, has been geneti-
cally modified to produce this compound at high titers and yields
(Sandoval et al., 2014). One of the mevalonate pathway enzymes,
HMG-CoA reductase, uses NADPH. To reduce the need for ex-
tensive glucose oxidation via the oxidative pentose phosphate
pathway, this enzyme has been successfully replaced by an NADH-
dependent HMG-CoA reductase (Gardner et al., 2013), thus en-
abling the following reaction stoichiometry for formation of far-
nesene from acetyl-CoA (Fig. 2D):

9acetyl-CoA+6(NADH+H™)+9ATP+ 6H,0=farnesene +9CoA+6
NAD™* +9 (ADP+P;)+3CO, (23)

The maximum theoretical yield of farnesene on glucose is
0.286 mol mol~! (Table 5). When using the native PDH bypass for
cytosolic acetyl-CoA formation, the high ATP cost for acetyl-CoA
synthesis via ACS necessitates respiratory dissimilation of over one
mole of glucose per mole of farnesene. This ATP requirement limits
the maximum attainable yield of farnesene on glucose to only
0.205 mol mol~!. The more ATP-efficient routes for acetyl-CoA
synthesis via the citrate-oxaloacetate shuttle and the ATP-in-
dependent routes from pyruvate to acetyl-CoA enable significantly
higher maximum attainable yields of 0.222 mol (mol glucose)~ .
In both routes, 18 NADH is formed per 9 acetyl-CoA, while only
6 NADH is consumed in the synthesis of farnesene from acetyl-CoA
(Reaction (23)). When using the citrate-oxaloacetate shuttle, 9 of
the remaining 12 NADH need to be oxidized to provide ATP for
farnesene synthesis. In the absence of other catabolic pathways,
this would only leave 3 NADH to provide ATP for growth and
cellular maintenance via oxidative phosphorylation. Conversely,
when ATP-independent routes for acetyl-CoA synthesis are used,
all 12 moles NADH generated per mole of farnesene are available

Table 5

for ATP production to sustain growth and maintenance.

The absence of NADH generation makes the PK/PTA pathway
the most attractive of the four individual routes, with a maximum
attainable yield of 0.246 mol (mol glucose)~ !, which corresponds
86% of the maximum theoretical yield. The deviation of this
maximum attainable yield from the theoretical yield is caused by
the need for respiratory dissimilation of part of the glucose to
provide the required ATP. In theory, the maximum attainable yield
of farnesene on glucose can be further improved by combining the
PK/PTA pathway with any of the ATP-independent pyruvate-to-
acetyl-CoA pathways, resulting in a maximum attainable yield of
farnesene on glucose of up to 91% of the theoretical maximum.
This requires a pathway configuration in which, for each mole of
farnesene, 4 moles of acetyl-CoA are produced via the PK/PTA
pathway and 5 moles of acetyl-CoA via an ATP-independent route
from pyruvate to acetyl-CoA. In this scenario, oxygen is still re-
quired to provide ATP, but this requirement is reduced to 2 mole of
oxygen per mole of farnesene. In industrial practice, additional
oxygen may, however, be required to provide ATP for growth and
cellular maintenance.

4. Kinetics and thermodynamics

Stoichiometric analysis of metabolic pathways provides valu-
able insights to shape metabolic engineering strategies. However,
implementation of a (heterologous) route in an industrial strain
not only demands high product yields, but also high productivities.
Therefore, not only the stoichiometry, but also the thermodynamic
driving force (AGg), the ensuing intracellular concentrations of
metabolites and the enzyme kinetics of the enzymes (Viax, Kwm)
have to be considered. Below, we briefly discuss observations on
engineering of cytosolic acetyl-CoA synthesis that affect the deli-
cate balance between kinetics and stoichiometry.

The biosynthetic and regulatory requirements for acetyl-CoA in
the cytosol and nucleus of wild-type S. cerevisiae require only re-
latively low fluxes through the PDH bypass (Kozak et al., 2014a).
Shiba et al. (2007) engineered the native S. cerevisiae PDH bypass
pathway (Fig. 1A) for cytosolic acetyl-CoA synthesis by over-
expression of the responsible enzymes (Shiba et al., 2007). ALD
and ACS activities were increased by overexpressing the native
cytosolic NADP*-dependent acetaldehyde dehydrogenase Ald6
and a heterologous ACS from Salmonella enterica, respectively.
Since high intracellular acetyl-CoA levels can inhibit ACS enzymes
by acetylation of a lysine residue, the S. enterica ACS was

Overall stoichiometry for the formation of 1 mole of trans-p-farnesene with glucose as the sole source of electrons (C;sHa4; y=84 e-mol mol ~'). The Gibbs free energy change
under biochemical standard conditions (AGg®) for the theoretical maximum reaction stoichiometry is estimated at —870.1 +39.3 k] mol~! (Flamholz et al., 2012). Overall
reaction stoichiometries are obtained using MetaTool 5.1 (Von Kamp and Schuster, 2006), based on an adapted version of the stoichiometric model of central carbon
metabolism of S. cerevisiae by Carlson et al. (2002). The listed reaction stoichiometry for each pathway represents the flux solution with the highest product yield on
substrate. Any ATP requirement was preferentially met by reoxidation of surplus NADH. If additional ATP was required, additional glucose was used for complete respiratory
dissimilation to generate the remaining ATP (P/O ratio assumed to be 1 (Verduyn et al.,, 1991)). Surplus NADH not required for ATP generation and/or ATP generated from the
product formation pathways are indicated in the stoichiometry. For simplicity, the reactants NAD*, ADP, P; and H™ are not shown.

Pathway Reaction stoichiometry Yield (mol,/mols)
Theoretical maximum 3% glucose — farnesene +6 CO,+9H,0 0.286
PDH bypass 4%g1ucose+ 8% 0, farnesene + 14% CO,+ 17%H20 0.205
Citrate-oxaloacetate shuttle with ACL 4% glucose+ 4% 0, - farnesene + 12C0, + 12H,0 + 3NADH 0.222
Phosphoketolase/-transacetylase 4%glucose + 3% 0, — farnesene + 9% COo+ 12%}_[20 0.246
ATP-independent pyruvate to acetyl-CoA routes” 4% glucose — farnesene+12C0, + 3H,0+ 12NADH 0.222
Combinatorial configuration” 0.261

3gglucose+ 20, — farnesene +8C0O,+ 11H,0

2 These pathway use either A-ALD, PDHcyt, PDHmit with the carnitine shuttle or, when conditions are anaerobic, PFL with FDH.
b 44% via phosphoketolase/-transacetylase and 56% via an ATP-independent pyruvate to acetyl-CoA route.
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engineered to prevent acetylation through an L641P amino acid
substitution. These modifications substantially increased in vitro
ALD and ACS activities and, importantly, improved the in vivo
synthesis rate of amorphadiene, a product derived from cytosolic
acetyl-CoA via the mevalonate pathway, by 1.8 fold. This result
shows that the PDH bypass can be engineered to sustain higher
in vivo fluxes towards industrially relevant compounds.

While alternative acetyl-CoA-forming pathways are stoichio-
metrically superior to the PDH bypass, their expression in S. cer-
evisiae has revealed some interesting challenges related to in vivo
kinetics. As discussed above, the PFL pathway theoretically enables
ATP-efficient production of acetyl-CoA under anaerobic conditions.
Additionally, the turnover number of PFL enzymes is generally
high ~103 s~ (Knappe et al., 1974). However, efficient use of this
pathway requires that formic acid, which is co-produced with
acetyl-CoA, is re-oxidized to CO, by NAD*-dependent formate
dehydrogenase (FDH). Achieving high in vivo FDH activities in S.
cerevisiae is a highly non-trivial challenge because of the low
turnover numbers (~10s~!) of currently characterized
NAD *-dependent FDH enzymes (Chang et al., 2014). In chemostat
cultures of an S. cerevisiae Acs~ strain expressing E. coli PFL (Kozak
et al.,, 2014a), accumulation of formate showed that native FDH
activity was insufficient to oxidize excess formate. Previous at-
tempts to increase in vivo FDH activity in anaerobic cultures of S.
cerevisiaze by overexpression of its FDHI gene were not only
complicated by the low turnover number of its gene product, but
also by the negative impact of high NADH/NAD™ ratios on its
enzyme activity (Geertman et al, 2006). Increasing the in vivo
capacity and activity of FDH is therefore a priority target for suc-
cessful implementation of the PFL pathway for acetyl-CoA synth-
esis in S. cerevisiae.

In a recent study, co-expression of the Clostridium n-butanol
pathway with four different cytosolic acetyl-CoA forming path-
ways in S. cerevisiae resulted in only small increases of an already
low butanol yield (Lian et al., 2014). These studies indicate that
optimization of the flux through these heterologous acetyl-CoA
and product-forming pathways is often required. Ideally, experi-
ments for assessing the kinetics of alternative precursor supply
pathways should be performed in strain backgrounds with a high
overcapacity of all reactions downstream of the precursor.

Compatibility of a heterologous enzyme with a metabolic en-
gineering strategy may not only be determined by its in vivo ca-
pacity (Vmax) in the host organism, but also by its affinity (Vlf("—;lx),

which dictates the intracellular concentration of its substrate that
is required to achieve a target flux. Affinity is especially important
when the substrate of an enzyme is toxic, as is the case for A-ALD
(Reaction (8)), which shows a much lower affinity for acetaldehyde
than the native yeast acetaldehyde dehydrogenase isoenzymes
(Kozak et al., 2014a). Consistent with this observation, yeast strains
in which the native yeast ALDs were replaced by heterologous
A-ALDs showed elevated intracellular acetaldehyde levels. Acet-
aldehyde toxicity was implicated in the lower than expected bio-
mass yields of these engineered strains.

The elevated acetaldehyde concentrations in A-ALD dependent
strains may not solely reflect a kinetic requirement. Although, as
mentioned above, AGR® of the A-ALD reaction (Reaction (8)) is
negative, biochemical standard conditions are unlikely to reflect
the thermodynamics of this reaction in the yeast cytosol. Assum-
ing an [NADH]/[NAD "] ratio of 0.01 (Canelas et al., 2008), the AGg’
of the reaction at the acetaldehyde levels that were measured in
wild-type S. cerevisiae was estimated to be +7.2 k] mol~' (Kozak
et al., 2014a), which would render use of the A-ALD pathway for
acetyl-CoA synthesis thermodynamically impossible. The observed
increased acetaldehyde concentrations in an A-ALD-dependent
strain increased the estimated AGg' of the reaction close to zero

(+0.7 kfmol~ 1) (Kozak et al., 2014a). This observation suggests
that toxic levels of acetaldehyde may have been a thermodynamic
prerequisite to allow the A-ALD reaction to proceed in the oxida-
tive reactions in the yeast cytosol.

As described above, in their metabolic engineering strategy for
farnesene production, Gardner et al. (2013) replaced the native S.
cerevisiae HMG-CoA reductase, which is NADPH dependent, for an
NADH-dependent enzyme. Interestingly, strains with an NADH-
dependent HMG-CoA reductase exhibited approximately 4-fold
lower intracellular mevalonate levels than strains expressing the
NADPH-dependent enzyme (Gardner et al, 2013). The
[NADPH]/[NADP*] ratio in the yeast cytosol is generally much
higher than the [NADH]/[NAD*] (under aerobic conditions: 15.6-
22.0 as compared to 0.01, respectively; Canelas et al., 2008; Zhang
et al, 2015a). When these different ‘redox charges’ of the two
cofactor couples are taken into account, the thermodynamic
driving force for the NADH-dependent reaction is much less fa-
vorable (difference in AGg' ~40 k] mol~!) than for the NADPH-
dependent reaction. This difference in AGR’ offers a plausible ex-
planation for the kinetically superior performance of the NADPH-
dependent native HMG-CoA reductase. Consistent with this in-
terpretation, deletion of the gene encoding the Adh2 alcohol de-
hydrogenase, which was anticipated to lead to higher cytosolic
[NADH]/[NAD "] ratios, indeed led to increased mevalonate levels
(Gardner et al., 2013). These examples illustrate how not only
stoichiometry, but also kinetics and thermodynamics need to be
considered when designing metabolic engineering strategies to
optimize acetyl-CoA provision.

5. Discussion and outlook

This review focused on reaction stoichiometry, kinetics and
thermodynamics of alternative pathways for providing acetyl-CoA,
a key precursor for the formation of many industrially relevant
compounds, in the yeast cytosol. Several of the acetyl-CoA- pro-
ducing pathways discussed here have recently been successfully
expressed in S. cerevisiae, thereby providing metabolic engineers
with new options to optimally align and integrate precursor sup-
ply with product pathways downstream of acetyl-CoA (Nielsen,
2014). The stoichiometric analyses discussed above show how the
optimal pathway configuration for the synthesis of a single me-
tabolic precursor, cytosolic acetyl-CoA, is strongly product de-
pendent. This observation underlines the importance of evaluating
multiple pathways for precursor supply at the outset of metabolic
engineering projects.

In general terms, the PK/PTA provides the highest possible
carbon conversion of the routes discussed in this paper, while the
acetyl-CoA forming routes via A-ALD, PDH or PFL/FDH enable the
net formation of ATP. In addition to ATP formation, cofactor bal-
ancing is another key factor in defining the optimal precursor
supply strategy. Stoichiometric evaluation of individual acetyl-CoA
forming routes for a given product pathway already provide va-
luable leads for improving product yield on substrate. However, as
illustrated by the examples of palmitic acid production and far-
nesene production (Tables 4 and 5), combinations of different
precursor supply routes can lead to even higher maximum product
yields. To achieve the stoichiometric potential of combined routes
requires that the relative in vivo activities of the contributing
precursor supply pathways can be accurately controlled, even
under dynamic industrial conditions. Achieving such accurately
tunable in vivo flux distributions and, consequently, optimal pro-
duct yields, represents a highly relevant challenge for metabolic
engineers.

In this review, we limited our discussion of cytosolic acetyl-CoA
supply in yeast to pathways that naturally occur in heterotrophic
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organisms. Implementation of autotrophic acetyl-CoA forming
pathways in S. cerevisiae provides additional highly interesting
scientific challenges and possibilities. For example, the Wood-
Ljungdahl pathway, or reductive acetyl-CoA pathway, is used by
acetogens to conserve free energy and to generate acetyl-CoA for
growth (Ljungdahl and Wood, 1969). In an otherwise hetero-
trophic cell factory, this system could be useful to donate excess
electrons to CO, for the synthesis of additional acetyl-CoA, ac-
cording to the overall stoichiometry:

2C0,+8(e~ +H™)+ATP+ CoA=acetyl-CoA+2H,0+ADP+P;. (24)

Functional expression of the enzymes of this system in S. cer-
evisiae itself already present a formidable challenge, while com-
plexity is further increased by the use of different redox cofactors:
H,, reduced ferredoxin and/or NAD(P)H (Schuchmann and Miiller,
2014). Several other autotrophs use a reductive TCA cycle to pro-
duce acetyl-CoA from CO,, with the following overall reaction
stoichiometry (Buchanan and Arnon, 1990):

2C0,+8 (e~ +H™) + 2 ATP + CoA = acetyl-CoA + H,0+2 (ADP
+ Py) (25)

An important difference with the conventional oxidative TCA
cycle is the involvement of an a-ketoglutarate ferredoxin oxidor-
eductase (EC 1.2.7.3), which enables the in vivo carboxylation of
succinyl-CoA to a-ketoglutarate, and of ATP-citrate lyase (ACL),
which cleaves citrate into oxaloacetate and acetyl-CoA. Although
the ATP stoichiometry of this pathway is less favourable than that
of the Wood-Ljungdahl pathway, two aspects might make it
(slightly) less challenging to functionally express this system in S.
cerevisiae. Firstly, while reduced ferredoxin as an electron donor is
required for the a-ketoglutarate dehydrogenase reaction, the re-
maining redox reactions in the reductive TCA cycle use NADH as
cofactor. Secondly, the enzymes involved in the reductive TCA
cycle are generally less complex and some, such as ACL, have al-
ready been successfully expressed in yeast (see above).

Producing industrially relevant compounds of interest at near-
theoretical yields requires that, if thermodynamically possible, all
electrons from the substrate end up in the product. Instead, in many
of the scenarios analyzed in this review, precursor formation resulted
in formation of excess NADH (Tables 2-5). In other cases, NADH was
required to enable ATP formation via oxidative phosphorylation, to
provide the free-energy for product formation and cellular main-
tenance. Only in the case of n-butanol formation via the A-ALD, PDH
or PFL/FDH pathway, a redox-neutral, ATP-yielding pathway could be
assembled, which should theoretically allow for the maximum the-
oretical yield in non-growing cultures. For the pathway combinations
that yielded excess ATP and/or NADH, implementation of autotrophic
acetyl-CoA yielding pathways, or alternatively the expression of the
Calvin-cycle enzymes phosphoribulokinase and RuBisCO (Guada-
lupe-Medina et al.,, 2013), might further increase the yields of the
products of interest. Another recent development that may ulti-
mately contribute to the production of fatty acids as catabolic,
anaerobic products in S. cerevisiae, is the recent expression of a re-
verse fB-oxidation cycle in the yeast cytosol (Lian and Zhao, 2015b).
This pathway for fatty acid synthesis is ATP-independent and, instead
of NADPH, has NADH as the redox cofactor. Combining this system
with the PK/PTA pathway and an ATP-independent route from pyr-
uvate to acetyl-CoA can, at least theoretically, result in a redox-
neutral and ATP yielding pathway.

In addition to quantitative insight into pathway stoichiometry,
knowledge about the thermodynamics and kinetics of individual
reactions and about the biochemical context in which the corre-
sponding enzymes have to operate, is of crucial importance for
evaluating alternative metabolic engineering strategies and to find
targets for further optimization. Powerful algorithms for metabolic

network evaluation that include thermodynamic and Kkinetic
analyses are among the valuable new tools to find engineering
targets and rank alternative strategies (Chakrabarti et al., 2013;
Henry et al., 2007; Sanchez and Nielsen, 2015; Soh et al., 2012).
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