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Bacterial metabolism is characterized by a remarkable capacity
to rapidly adapt to environmental changes. We restructured the
central metabolic network in Escherichia coli to force a higher pro-
duction of NADPH, and then grew this strain in conditions favoring
adaptive evolution. A six-fold increase in growth capacity was
attained that could be attributed in multiple clones, after whole
genome mutation mapping, to a specific single mutation. Each
clone had an evolved NuoF*(E183A) enzyme in the respiratory
complex | that can now oxidize both NADH and NADPH. When
a further strain was constructed with an even higher degree of
NADPH stress such that growth was impossible on glucose mineral
medium, a solid-state screening for mutations restoring growth,
led to two different types of NuoF mutations in strains having re-
covered growth capacity. In addition to the previously seen E183A
mutation other clones showed a E183G mutation, both having
NADH and NADPH oxidizing ability. These results demonstrate the
unique solution used by E. coli to overcome the NADPH stress
problem. This solution creates a new function for NADPH that is no
longer restricted to anabolic synthesis reactions but can now be
also used to directly produce catabolic energy.

adaptive evolution | NADPH metabolism | complex |

Evolutionary microbiology under environmental or metabolic
constraints is an emergent field of research. Although it is
known that growing microorganisms are not static over either
short or long periods, the evolutionary process called adaptive
evolution developed to adapt to constraints is poorly understood
at the genetic, biochemical, and metabolic levels.

Experiments of adaptive evolution have been conducted in the
laboratory to understand the behavior of Escherichia coli in
response to different environmental or metabolic constraints:
(¢) wide serial subculturing for over 20 years (more than 40,000
generations) on glucose-limited mineral medium (1), (if) growth
for more than 700 generations on glycerol, a maladapted sub-
strate although a complete metabolic pathway for this substrate
was already present (2), and (iii) culture over 600-800 genera-
tions of single gene deletion mutants affected in metabolic key
branch points [phosphoglucose isomerase (Apgi), phosphoenol-
pyruvate carboxylase (Appc), triose phosphoisomerase (Atpi),
phosphotransacetylase (Apta)] to evaluate the effect of targeted
metabolic perturbations on the structure of the metabolic net-
work (3). The main conclusions of this work highlighted the
strong robustness of the genetic and metabolic networks of E. coli
and indicated that evolution never invented a new solution such
as a reassignment of enzyme function to adapt to the environ-
mental or metabolic constraints. Instead, the main feature of evo-
lution was an increased in the capacity of already active pathways
or the activation of latent pathways.

The objective of the present work was to study the ability of
E. coli to adapt to and overcome a strong unbalance and an
imposed rigidity of the redox state of cellular metabolism. Cellu-
lar metabolism results from an intricate biochemical network
that is delicately balanced and regulated to enable growth under
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fluctuating environmental conditions. The release of energy from
growth substrates, and the capture of this energy for the biosyn-
thesis of cell components, involves redox reactions in which elec-
trons and/or hydrogen atoms are transferred between donor and
acceptor molecules. Thus, the pyridine nucleotides, NADH and
NADPH occupy central points in redox metabolism. Although
NADH and NADPH are chemically similar, NADPH has a lower
redox potential than NADH and they are involved in distinct bio-
chemical functions. NADPH primarily drives anabolic reactions,
whereas NADH has a catabolic role (4). To fulfill these distinct
roles, these two redox couples are generally not in thermody-
namic equilibrium and the NADPH to NADP ratio is in a more
reduced state than the NADH to NAD™ ratio. NADPH is mainly
produced in the oxidative branch of the pentose phosphate path-
way (PPP) or by the isocitrate dehydrogenase in the tricarboxylic
acid (TCA) cycle. Moreover, E. coli possesses two transhydro-
genases that play important roles in NADPH metabolism (4):
(i) the membrane-bound proton translocating transhydrogenase
PntAB that is used to produce NADPH from NADH and (ii) the
soluble energy independent transhydrogenase UdhA that is
mainly involved in NADH production from NADPH. With both
isoforms, E. coli can counterbalance situations of catabolic under
deprivation or overproduction of NADPH, whereas organisms
lacking transhydrogenases can not tolerate imbalances between
catabolic NADPH production and anabolic NADPH consump-
tion (5, 6). In this study we designed an E. coli strain in which
we both (i) restructured its central metabolic network to force
a higher production of NADPH, and (ii) eliminated the possibi-
lity to produce NADH from NADPH, and then use excess
NADPH to produce energy. We will report the unique solution
used by E. coli to overcome the imposed redox constraints and
the manner in which existing metabolic dogmas can be challenged
in a synthetic biology type of metabolic design. This solution
creates an unexpected function for NADPH that is no longer
restricted to anabolic synthesis reactions but can now be also used
to produce directly catabolic energy.

Results

Design of an E. coli Strain Exhibiting a High Intracellular NADPH/
NADP* Ratio. To create an E. coli strain with a high intracellular
NADPH/NADP" ratio, we used rational metabolic engineering
to limit the oxidation of NADPH for the production of NADH
or reduced quinone, and to favor the reduction of NADP' in
the PPP. Key modifications were introduced in E. coli central
metabolism to force cells to increase NADPH. Glucose flux
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was redirected through the PPP by deleting the pgi and edd genes,
which encode phosphoglucose isomerase, the first enzyme of
glycolysis (EMP), and 6-phosphogluconate dehydrogenase, the
first enzyme of the Entner-Doudoroff pathway (EDP). NADPH
oxidation to produce NADH or reduced quinone was eliminated
by deleting the udhA and qor genes encoding soluble transhydro-
genase and quinone oxidoreductase (Fig. S1) (7). The engineered
E. coli strain Apgi::FRT, Aedd::FRT, Aqor::FRT, AudhA::FRT
was successfully constructed and named NA23 (Table S1). During
the oxidation of glucose to acetyl-CoA, this strain produced 2 mol
of NADPH and 2 mol of NADH per mole of glucose, while a
wild-type strain using only the EMP produces 4 mol of NADH
per mole of glucose. Furthermore this strain was unable to use
excess NADPH to produce energy by the combined use of the
soluble transhydrogenase and the proton-pumping NADH:
ubiquinone oxidoreductase (Nuo).

Phenotypic Analysis of the NA23 Mutant Strain. During aerobic
growth on glucose mineral medium, the NA23 mutant displayed
both a low specific growth rate (x = 0.04 £0.01 h™') and a low
specific glucose consumption rate (gs = 0.9 4+ 0.1 mmol-g~!-h~1)
compared to the wild-type strain (u = 0.6 +0.03 h™! and gs =
10.4 4+ 0.7 mmol-g~'-h™!). No acetate was produced, suggesting
that the metabolic perturbations did not lead to carbon overflow,
and indicating a kinetic limitation for glucose catabolism
(Table 1). As expected, the NADPH/NADP* ratio was 2-fold
higher for the NA23 mutant (2.05 + 0.13) than for the WT strain
(1.05 £ 0.08) validating the metabolic engineering strategy. A
3-fold lower NADH/NAD™ ratio was observed for the NA23
strain compared to the WT strain (0.11 £ 0.01 versus 0.31 & 0.04)
(Table 1).

Adaptive Evolution of the E. coli (Apgi::FRT, Aedd::FRT, Aqor::FRT,
AudhA: :FRT) Strain. To evaluate the capability of the NA23 mutant
to overcome the severe imbalance in its central metabolism,
adaptive evolution was conducted by serially subculturing in
glucose mineral medium, maintaining exponential phase. Two
independent evolution experiments were conducted in parallel,
and specific growth rates were measured for both populations.
A rapid in vivo adaptive evolution of the NA23 mutant strain oc-
curred in four serial subcultures (approximately 20 generations).
Results for adaptive evolution in both cultures showed conver-
gence of the improved phenotype. A maximum specific growth
rate of 0.22 & 0.01 h~! was measured, which was six times higher
than the original strain. Clones were isolated as colonies from
both populations, and the specific growth rate on glucose mineral
medium of 10 randomly selected clones was analyzed. Similar
growth rates were measured for all of the clones (u = 0.24+
0.02 h™!) and one (NA23E04) was arbitrarily selected for further
characterization. Growth rates measured after adaptive evolution
reached 40% of the wild-type MG1655 specific growth rate
(Table 1).

Identification of Genetic Targets Responsible for E. coli Adaptive
Evolution Using Genome-Wide Analysis. To determine the genotype
of the evolved strain NA23E(04 responsible for its phenotype,
genetic mutations were identified using comparative genome
sequencing, (CGS, Roche Nimblegen). This method has been
demonstrated to be fast and efficient in detecting multiple muta-
tions present in one bacterium relative to another (8, 9). The
comparison of the NA23E04 evolved clone and the MG1655
wild-type strain genomes revealed five signal differences, four
corresponding to the four gene deletions. The other mutated
region was PCR-amplified and sequenced. The single mutation
was located in the nuoF gene (nuoF*), encoding the NuoF sub-
unit of the catalytic domain of the proton-pumping NADH:
ubiquinone oxidoreductase, and led to a change in one amino
acid residue: glutamate at position 183 was replaced by alanine.
CGS analysis strongly suggested that only one mutational event
occurred during the adaptive evolution of the NA23 mutant on
glucose mineral medium, so this mutation must be responsible for
the increased fitness of the evolved strain.

Phenotypic Analysis of the Mutation at the Genome Level. To confirm
that nuoF* was the only mutation involved in the increased
growth rate of the NA23 strain in glucose mineral medium,
two recombinant strains were constructed using the gene repla-
cement method described by Datsenko and Wanner (10). In
one strain, the native nuoF gene was replaced with the evolved
nuoF* gene from the NA23 mutant. In another, the wild-type
nuoF gene was introduced into the evolved NA23E(04 strain.
Both clones were cultured in the same conditions in glucose
mineral medium (Fig. S2). The NA23 unevolved mutant expres-
sing the nuoF* evolved gene had the same maximum specific
growth rate (u =023 h™!-+£0.02) as the NA23E04-evolved
clone (u = 0.24 h™! £ 0.02). Conversely, the NA23E04-evolved
strain expressing the nuoF wild-type gene had a similar maximum
specific growth rate (u = 0.05 h™! £ 0.01) as the NA23 mutant
(¢ = 0.04 h™' 4 0.01). These results clearly confirmed that the
single mutation in nuoF* was the unique mutation responsible
for the adaptive evolution. To provide more insights into the
physiological consequences of nuoF* mutation, the native nuoF
gene was replaced with the evolved nuoF* gene in the wild-
type MG1655 strain. The resulting reconstructed strain
MG1655 nuoF*, named WT*, exhibited similar aerobic growth
parameters on glucose mineral medium (u = 0.58 & 0.01 h7!,
Yx;s =031+001 gg™', gg=10.440.4 mmol-g~"h™", v, =
3.0 + 0.3 mmol-g~!-h~!), assuming a neutral effect of the nuoF
mutation in the WT genotype regarding growth phenotype even
after evolution of this strain over 4 serial subcultures.

Analysis of nuoF Sequence in the Evolved Clones. To determine if
the nuoF mutation was responsible for the evolution in the 10
selected clones, the nuoF gene was sequenced in the nine remain-
ing clones. The same nuoF* mutation leading to a E183A substi-
tution was observed in all clones, indicating that this mutation

Table 1. Aerobic growth parameters of unevolved, evolved, and wild-type mutants during exponential growth on glucose

Glucose Acetate
Growth Biomass  consumption  production NADPH/NADP* NADH/NAD*
Strain Specific genotype Historic rate (p) yield (Yx/s) rate (gs) rate (va) ratio ratio
h-1 g-g”’ mmol-g~"-h-' mmol-g='-h~!

NA 23 MG1655 AudhA unevolved 0.04 = 0.01 * 0.22 = 0.01 0.9 +0.1 0.02 = 0.01 2.05 +0.13 0.11 = 0.01

Apgi Agor Aedd mutant
NA 23E04 MG1655 AudhA evolved 0.24 £ 0.02 0.27 = 0.02 3.1+0.2 0.01 = 0.01 1.85 + 0.02 0.14 = 0.01

Apgi Agor Aedd mutant

nuoF *

Wild-type (WT) MG1655 0.6 + 0.03 0.34 £ 0.01 104 + 0.7 26 +0.3 1.05 + 0.08 0.31 = 0.04

*Average + S.D. for at least 3 independent experiments.
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occurred early in the culture of the NA23 strain. Assuming that
at the end of the fourth subculture, most of the cells had the
nuoF* mutation, we calculated when this mutation appeared
in the culture, and found that it occurred during the first subcul-
ture on glucose mineral medium.

Physiological Consequences of NuoF* in Respiratory Chain. NuoF is
one of the three NuoE, F and G subunits of the soluble
NADH:ubiquinone oxidoreductase fragment of the respiratory
chain complex I, which contains a total of 13 subunits, and
couples the transfer of two electrons from NADH to ubiquinone
with the membrane translocation of four protons (11). Complex I
is composed of three domains: the soluble NADH:ubiquinone
oxidoreductase fragment, the connecting fragment, and the mem-
brane domain. The NuoBCD connecting fragment is required
for proper assembly of the NADH soluble fragment, in particular
for the incorporation of Fe-S clusters. The overexpression of
NuoBCDEFG leads to a properly assembled soluble fragment
(NuoEFG) that has an NADH:ubiquinone oxidoreductase activ-
ity that can transfer electrons from NADH to ferricyanide, an
artificial electron acceptor, with the same efficiency as the entire
complex (12). Bungert et al. developed a simple and fast method
for overexpressing and purifying an active soluble NADH:ubiqui-
none oxidoreductase fragment using direct affinity chromato-
graphy, based on engineered Nuo subunits (13). Using the same
strategy, NuoEFG-native and NuoEF*G-evolved soluble frag-
ments were successfully produced and purified. Native and
evolved purified soluble fragments were biochemically character-
ized by measuring their NADH/ferricyanide and NADPH/ferri-
cyanide reductase activities (14). As is shown in Table 2, and as
previously reported, enzyme kinetics revealed a high NADH/
ferricyanide reductase activity for the native soluble form (k. =
44 s71), and a low activity when NADPH was used as electron
donor (ke = 13 s7'). The Km was 4 41 pM for NADH, and
1150 £ 80 pM for NADPH, in the same range as previous reports
(12, 15). In contrast, the evolved soluble fragment (Nuo-
F*E183A) showed a high NADPH/ferricyanide reductase activity
(kear = 60 s71) and a low Km for NADPH (16.7 & 2.9 pM), which
corresponded to a catalytic efficiency (3.6 £1 s~!-uM™!) for
NADPH that has not previously been reported for NADH:
ubiquinone oxidoreductase. However the catalytic efficiency
using NADH was four times lower than the catalytic efficiency
seen with the native fragment.

To complete the biochemical data and answer the question as
to whether the electrons from NADPH access the respiratory
chain, we used inside-out (ISO) vesicle preparations from paren-
tal (NA23) and evolved (NA23E04) strains and measured NAD
(P)H oxidase activities under aerobic and anaerobic conditions
(Table 3). As expected, NADPH oxidase activity in evolved ISO
vesicles was significantly higher than in parental ISO vesicles.
Experimental differences between NADH and NADPH oxidase
activities could be explained by the NADH:dehydrogenase II
(Ndh) contribution (16) that represents approximately 50% of
total NADH oxidase activity (17). In absence of O,, all oxidases
activities sharply decreased to zero demonstrating the O, depen-
dent oxidation of NADPH mediated by electron transfer through

respiratory chain. To demonstrate that electron transfer from
NADPH to the respiratory chain can pump protons, we evaluated
the membrane potential (A¥), component of the proton motive
force (Afiy "), generated in ISO vesicles during electron transfer
from NAD(P)H through the respiratory chain. The ability to gen-
erate AV in ISO vesicles was studied using oxonol V as fluores-
cence probe. NADH and NADPH abilities to generate AY were
compared between the parental NA23 and evolved NA23E(04
strains (Fig. 1). Only membrane vesicles prepared from evolved
strain were able to generate AY upon the addition of both NADH
and NADPH (Fig. 1B), as indicated by oxonol V fluorescence.
Weak AW generation in parental ISO vesicles upon NADPH
addition (Fig. 14) could be generated by the membrane bound
pyridine nucleotide transhydrogenase (PntAB), functioning as
a proton pump (18). Inhibition of terminal cytochrome oxidase
by potassium cyanide caused AY collapse, near the initial level
(Fig. 1B), except for parental ISO vesicles in the presence of
NADPH (Fig. 14), confirming the proton motive force genera-
tion by electron transfer from NADPH to O, only occurs in
evolved ISO vesicles.

Thus, the adaptive evolution of the NA23 mutant strain over
the short period of 20 generations led to the selection of an
evolved NADH:ubiquinone oxidoreductase that could use both
NADH and NADPH as an electron donor to create a proton
motive force. Moreover, the unique NADPH oxidation pathway
of the NA23E04 evolved strain correlated with the decrease in
the NADPH/NADP™ ratio from 2.05 to 1.85 (Table 1).

Evolution of E. coliUnder Higher NADPH Stress. In the initial strategy,
we constructed a strain that produced 2 mol of NADPH and
2 mol of NADH per mole of glucose oxidized to acetyl-coA.
To increase NADPH stress we constructed a strain that produced
3 mol of NADPH and 1 mol of NADH per mole of glucose oxi-
dized to acetyl-coA, by replacing the pgi deletion in strain NA23
with a deletion of the pfk4 and pfkB genes encoding phosphofruc-
tokinases (NA24 strain; Table S1). This strain was unable to
grow in glucose mineral medium. As we previously found that
an evolved Apgi strain appeared during the first subculture, we
applied a different strategy to select an evolved strain using the
ApfkAB strain. We took 10° cells from LB medium and plated
them on glucose mineral medium plates, obtaining eight colonies
that all contained a mutation in the nuoF gene. Five had the same
mutation as the NA23 evolved strain (NuoF*E183A) and three
had another mutation, but at the same position (NuoF*E183G).
The five clones with the E183A mutation had an average growth
rate on glucose of u = 0.08 4 0.01 h~! whereas the three others
had an average growth rate of y = 0.06 £+ 0.03 h~!.
Biochemical characterization of the NuoEF*(E183G)G
soluble fragment was performed as described above by measuring
both NADH and NADPH ferricyanide reductase activities. As
expected, the selected evolved soluble NADH:ubiquinone oxido-
reductase fragment could use both NADH and NADPH as
an initial electron donor, with a Km value for NADPH of
8.4+ 1.7 pM (Table 2). A 320-fold increase in the catalytic effi-
ciency of the evolved NuoEF*(E183G)G (3.5 1 s™!-pM™!) so-
luble fragment compared to the native fragment was observed.

Table 2. Enzymatic properties of wild-type and evolved purified soluble NADH:ubiquinone oxidoreductase fragments.

Native fragment

NuoF*(E183A) fragment NuoF*(E183G) fragment

Km (M) NADH 43+08*
NADPH 1150 = 80

Kcat (s7") NADH 43.8 + 2.1
NADPH 13.2+0.3

Kcat/Km (s=' uM-T) NADH 10.1 = 2.4
NADPH 0.011 + 0.001

7914 183+ 2.9
16.7 £ 2.9 8417
18.7 + 1.3 61.3 50
59.2 + 6.0 292 +25

24 0.6 3414

36+1.0 35+1.0

*Means + S.D. for 2-3 independent experiments.
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Table 3. NAD(P)H oxidase activity in I1SO vesicles

NA23 NA23E04
Activity (ﬂmol-min‘1-mg‘1)* NADH NADPH NADH NADPH
Aerobic oxidase 0.47 + 0.05* 0.010 = 0.003 0.71 + 0.07 0.28 + 0.03
Anaerobic oxidase 0.002 + 0.001 0.006 + 0.001 0.005 + 0.001 0.004 = 0.001
*Means + S.D. for 3-4 independent measurements
Enzyme Structure Model of NuoF, NuoF*E183A, and NuoF*E183G. For  Discussion

additional biochemical characterization, and to investigate the re-
lationship between enzyme structure and the catalytic mechanism
of the evolved fragment, both E. coli NuoF and the two NuoF*
subunits were subjected to modeling, with manual docking of
NAD(P)H based on the recently solved crystal structure (19)
of the hydrophilic domain of Thermus thermophilus complex I.
The NuoF subunit has 49% identity to the T. thermophilus Nqol
subunit, and both subunits contain an NADH-binding site, with
flavin mononucleotide (FMN) as the primary electron acceptor,
and an N3 tetranuclear cluster (20). All residues involved in bind-
ing FMN and NADH are strongly conserved. Fig. 2 shows the
putative structure of the native E. coli NuoF subunit containing
FMN, and indicating invariant residues including glutamate 183,
which is involved in interaction with NADH. NADPH was
docked manually in the same position as NADH (Fig. 34) that
was experimentally determined in the 7. thermophilus Nqol sub-
unit. It showed that the NADH cavity cannot accommodate an
NADPH molecule because of both steric hindrance and repulsive
effects with the charged glutamate side chain (Fig. 34). On
the other hand when glutamate 183 was replaced with alanine
(Fig. 3B) or glycine, the negative phosphate positioning was
favored by a longer distance of 5.79 A from the NADPH phos-
phate oxygen and the absence of repulsive effect. These modeling
results explained how NuoEF*G established an original NADPH
reoxidation pathway in the cell.

Analysis of the Conservation of the E183 Residue Among All the NuoF
Sequences Available in the Genebank Protein Database. We align
all the NuoF protein sequences around the E183 amino acid
residue (based on E. coli NuoF numbering) and analyzed the
conservation of this residue. It was highly conserved among
the NuoF proteins and when it was absent, like for example in
the NuoF of Schizosaccharomyces pombe (accession number
NM_001021761.1), the glutamate residue was replaced by an as-
partate residue that should also exclude NADPH from entering
the active site.

A NAD(P)H B NAD(PH

20% AF
1 min
KCN KCN
Fig. 1. (A) and (B) Generation of AY in at the respiratory chain ISO vesicles.

The quenching of oxonol V fluorescence was used to monitor potential
membrane generation in ISO vesicles prepared from NA23 (A) and NA23E04
(B) strains. Solid and dash-dot lines represent quenching upon NADH and
NADPH, respectively.

Auriol et al.

In this work, the central metabolic network in E. coli was restruc-
tured to force a higher production of NADPH and it was coupled
to the elimination of the natural metabolic pathway to produce
NADH from NADPH. Two strains, NA23 and NA24 producing,
respectively, 2 and 3 mol of NADPH from the oxidation of
glucose to acetyl-CoA were rationally designed, constructed
and independently grown on glucose mineral medium. The ability
of these strains to adapt to, and overcome the NADPH stress was
evaluated. Results illustrate that both strains were able to evolve
rapidly and adapt to this metabolic constraint. The genetic basis
of this fast adaptive evolution was identified and revealed that
in each case, a single gene, nuoF, encoding a subunit of the
water-soluble NADH:ubiquinone oxidoreductase fragment, was
mutated at only one position in the entire genome sequence.
Comparative biochemical and in vivo characterization of both
native and evolved NADH:ubiquinone oxidoreductases were un-
dertaken and showed that: (i) the evolved NADH:ubiquinone
oxidoreductase soluble fragment had a higher NADPH ferricya-
nide reductase activity and a higher NADPH catalytic efficiency
for NADPH than the native one (i) the evolved NADH:ubiqui-
none oxidoreductase possessed a higher oxygen dependent
NADPH oxidase activity than the native one, and (iii) the evolved
NADH:ubiquinone oxidoreductase was able to transfer electrons
from NADPH to respiratory chain and this was coupled to proton
motive force generation that was not observed for the native
complex 1. Finally, modeling of the NuoF and NuoF* subunit
structures supported the conclusion that both mutations in the
nuoF gene exert their beneficial effect via the same mechanism.
The presence of an amino acid residue carrying a neutral and
short aliphatic side chain; i.e. alanine or glycine, at glutamate
183 in the binding pocket for NADH and FMN allows NADPH
phosphate positioning. Glutamate 183, by excluding NADPH
from the binding pocket, plays a key role in the strict NADH
specificity of NADH:ubiquinone oxidoreductase. The fact that
this selectivity resides in a single amino acid residue, highly con-
served among the NuoF proteins, suggests that evolutionary

Fig. 2. Putative structure of the NuoF subunit from E. coli deduced from the
T. Thermophilus Ngo1 structure. The two prosthetic [4Fe-4S] and [2Fe-2S]
clusters from N3 and N1a, and the FMN cofactor are in black.
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Fig. 3. (A) and (B) Comparison of the FMN and NAD(P)H binding sites in the
NuoF and NuoF* subunits. NADH and NADPH are superimposed and docked
in front of FMN. Distances from the negatively charged NADPH phosphate to
FMN and residue 183 are in angstroms. Sterically hindrance between the
NADPH phosphate and glutamate 183 is seen. NADH is not obstructed
and can be placed in front of FMN.

forces in natural environments are such that microorganisms
obtain a clear advantage from separate control of cofactor pools.

Thereby, the complete characterization of the improved
phenotypes observed in both NA23 and NA24 evolved strains
at genetic, biochemical and physiological levels clearly demon-
strated that the mutation at only one position in NuoF is the
unique fitness-enhancing mutation. The mutation led to the crea-
tion of an original metabolic pathway for energy generation,
through the reassignment of an unexpected function to the
NADH: ubiquinone oxidoreductase: a NADPH reoxidation
function. Adaptive evolution under NADPH imbalance created
a unique mechanism of NADPH oxidation that has never been
described in nature. By evolving the strictly NADH-dependent
NADH:ubiquinone oxidoreductase to an enzyme that used both
NADH and NADPH, a direct catabolic role was created for
NADPH. NADPH plays here an original role in a living cell: a
dual anabolic and direct catabolic role. Indeed, NADPH is
normally strictly used for anabolism and to protect cells from
different oxidative stresses, whereas NADH has a catabolic role
in providing energy to cells. As it is vital to all organisms to main-
tain a perfect balance between the catabolic NADPH formation
and the anabolic demand, several natural mechanisms have been
described to ensure such network-wide balancing (21). Transhy-
drogenases are mainly recognized to be involved in this phenom-
enon and, in organisms lacking transhydrogenases, the lack of
cofactor specificity of the glucose-6-phosphate dehydrogenase
appears to be a major mechanism to avoid catabolic NADPH
overproduction. Any hypothesis suggesting a possible direct
NADPH reoxidation pathway through the respiratory chain has
never been described.

With regard to strain evolution, the observed phenomenon
is an also unusual event: a reassignment of new function of an
enzyme. Indeed, in most reported cases, adaptive evolution re-
sulted from an increase in the capacity of already active pathways
or the activation of latent pathways (3, 22). Moreover, a strong
parallelism of the adaptive evolution process for independent
endpoints was observed that is unusual. Adaptive parallelism
was previously reported during bacterial evolution experiments
(8, 23). However in these cases, bacterial evolution was parallel
at the level of genes, but only rarely were substitutions identical
at the base pair level. In the present study, the target of the evo-
lution obtained was highly reproducible even in strains exhibiting
different original genotypes, suggesting that modification of the
NADH-binding pocket of NADH:ubiquinone oxidoreductase
is the easiest way for cells to adapt and overcome a strong imbal-
ance in NADPH redox state.

To conclude, this study demonstrates that surviving the im-
posed NADPH imbalance in absence of the soluble transhydro-
genase UdhA clearly requires a new metabolic function for
NADPH in E. coli: NADPH is now involved in direct energy
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generation through the respiratory chain. This work demon-
strates again the strong robustness of both genetic and metabolic
networks of E. coli and illustrates how existing metabolic dogmas
can be challenged in a synthetic biology type of metabolic design.

Materials and Methods

Construction of mutant strains. Chromosomal deletion, integration, and re-
moval of antibiotic resistance genes were according to Datsenko and Wanner
(10). Details are given in S/ Text. Oligonucleotides used are listed in Table S1.

Adaptive Evolution. Evolution of NA23 MG1655 Apgi::FRT Aedd::FRT
Aqor::FRT AudhA::FRT strains was in 50 mL of glucose minimal synthetic
medium in 500 mL Erlenmeyer baffled flasks, at 37 °C, on a gyratory shaker
at 200 rpm. Samples were frozen in 20% (v/v) glycerol solution from each
serial evolution subculture. Details are given in S/ Text.

Identification of Mutations at the Genome Level. Ten cloned colonies were iso-
lated from both populations at the fourth generation of evolution, with five
from each population, and grown on glucose minimal medium to determine
specific growth rates. NA23E04 was selected for mutation investigation by
CGS (Roche Nimblegen) because of its higher growth rate. Genomic DNA
from NA23E04 mutant and wild-type MG1655 strain was prepared using a
QlAamp DNA Mini Kit (bacterial extraction protocol, Qiagen) and concen-
trated by vacuum centrifugation (Speedvac) if necessary before CGS analysis.
Putative mutations from CGS were validated by PCR and sequencing.

Analytical Procedures and Physiological Parameters. Cell growth was moni-
tored as ODggy. Glucose and acetate concentrations were determined by
high-performance liquid chromatography. Separation was performed on a
BioRad Aminex HPX-87H column (300 mm x 7.8 mm), and detection was
done by refractometry. Operating conditions were: mobile phase 5 mM
sulphuric acid, flow-rate 0.6 mL/ min, temperature 40 °C. Physiological para-
meters (maximum growth, specific glucose consumption and specific acetate
production rates) were determined during exponential growth phase using a
calculated correlation factor of 0.35 g cellular dry weight per ODgg,.

Determination of Intracellular Cofactor Concentrations. NADPH, NADP™,
NADH, and NAD" extractions were by acid or alkaline lysis as described
(24). The NAD(P)(H) cycling assay was adapted from Gibon and Larher (25)
in microplate format. Details are given in S/ Text.

Complex | Characterization

Construction of Expression Vectors. Expression of NuoEFG NADH:
ubiquinone oxidoreductase soluble fragments was performed
using a pET11a/nuoB-G/NuoFc expression vector that added a
Streptag II to the C-terminus of NuokF, kindly supplied by Profes-
sor Thorsten Friedrich (13). Details are given in SI Text.

Expression, Purification, and Biochemical Characterization of NuoEFG
and NuoEF*G Soluble Fragments. To express wild-type NuoEFG,
evolved NuoEF*(E183A)G and NuoEF*(E183G)G soluble
fragments, competent E. coli BL21(DE3) was transformed with
pET11la/nuoB-G/NuoFc, pET1la/nuoB-G/NuoF*(E183A)c or
pET11la/nuoB-G/NuoF*(E183G)c. Transformants were grown,
harvested, and stored as described (12). Details are given in
SI Text.

Preparation of Inside-Out Vesicles. Inside-out (ISO) vesicles
were prepared according to a modified procedure of Matsushita
et al. (26). Details are given in SI Text.

Enzyme Assays on ISO Vesicles. Each NAD(P)H oxidase activity
of ISO vesicles was measured at 25 °C spectrometrically (26).
Anaerobic assays were done in a JACOMEX anaerobic chamber
with anaerobic buffer and ISO vesicles degassed by a gentle
stream of nitrogen. Details are given in SI Zext.

Determination of Membrane Potential (A¥). The generation of
AY (inside-positive) in ISO vesicles was monitored at 25 °C by
following fluorescence quenching of oxonol V (Fluka) (27).
Details are given in SI 7ext.
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NuoF Subunit Modeling. A structure template from 7. thermophilus
(PBD-ID: 4FUG) with 49% sequence identity was used for E. coli
NuoF subunit modeling. After careful examination for potential
alignment errors, the automated comparative protein modeling
program MODELLER 9v5 was employed. Figures were prepared
with PyMOL (DeLano Scientific, http:/pymol.sourceforge.net/).
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