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ABSTRACT: Respiratory complex I couples the electron
transfer exclusively from NADH to a quinone with the
translocation of protons across the membrane. However,
Escherichia coli adapts to imposed high cellular NADPH
concentrations by selecting the mutations E183AF and
E183G" that lead to a high catalytic efficiency of complex I
with NADPH. Other mutations at position E183" resulting
in an efficient NADPH oxidation were not selected. Here
we show that the naturally occurring variants exhibit a
remarkably low level of production of reactive oxygen
species, a byproduct of NAD(P)H oxidation, that besides
high catalytic efficiency might be favored by natural

selection.

he energy-converting NADH:ubiquinone oxidoreductase,

respiratory complex I, couples the electron transfer from
NADH to a quinone with the translocation of protons across
the membrane.'™* Complex I is highly specific for NADH as
the pyridine nucleotide substrate leaving NADPH as a very
poor substrate.”~® NADH and NADPH are central players in
redox metabolism. Despite their similar chemical structure, the
nucleotides exert different metabolic functions. While NADH is
engaged in catabolic processes, the major role of NADPH is to
drive anabolic processes. For this reason, the NADH/NAD*
couple is present in a more oxidized state in the cell than the
NADPH/NADP* couple. NADH oxidation by complex I is
coupled with the production of reactive oxygen species (ROS)
such as superoxide and hydrogen peroxide contributing to
cellular oxygen stress.” It was proposed that ROS are produced
at the nucleotide-binding site, namely the flavin cofactor, the
primary electron acceptor of the complex. In mitochondria and
bacteria living under normoxic conditions, ROS production
comprises ~1% of NADH oxidation (Figure 1).'°~"

To decipher changes in metabolic networks involved in the
adaptive evolution to increasing cellular NADPH concen-
trations, Escherichia coli was forced to enhance its NADPH
production by the deletion of genes encoding the phospho-
glucose isomerase of glycolysis and 6-phosphogluconate
dehydrogenase of the Entner—Doudoroff pathway.”” In this
strain, the oxidation of 1 mol of glucose to acetyl-CoA is
coupled to the production of 2 mol of NADH and NADPH,
each."* Multiple clones adapted to the imposed NADPH stress,
all by the E183A" single mutation in complex L. (E. coli complex
I consists of subunits NuoA—N, and the superscript marks the
subunit containing the mutation.) From structural studies, it is
evident that NuoF provides the NADH-binding site of complex
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Figure 1. Scheme of respiratory complex I with the peripheral and
membrane arm. The binding sites for the substrates are indicated; the
iron—sulfur clusters are shown as red dots, and the quinone is
abbreviated as Q. The membrane arm is involved in proton
translocation. The side reaction of nucleotide oxidation at the flavin
site leads to the production of ROS such as superoxide and hydrogen
peroxide (red).

I (Figure S1 of the Supporting Information)."* E183F forms
two hydrogen bonds to the adenosyl-ribose in the active site of
the native complex blocking the access of NADPH to the
NADH-binding site.”'>'* The additional deletion of two genes
encoding transhydrogenases that catalyze the reversible
conversion of NADPH and NAD* to NADP* and NADH led
to the production of 3 mol of NADPH and 1 mol of NADH by
oxidation of 1 mol of glucose to acetyl-CoA." E. coli adapted to
this even higher NADPH stress by selection for the E183G*
mutation in addition to the E183A" mutation already obtained
with the other strain.'> This excellent study led to the proposal
that E183" is a key residue in nucleotide discrimination by
respiratory complex 1."* However, the protein variants were not
isolated and kinetically characterized. Variants E183D, -H, -N,
and -Q" generated by site-directed mutagenesis also showed an
up to 200-fold increased catalytic efficiency with NADPH as the
substrate.® Thus, the NADPH oxidoreductase activities of these
variants were catalytically as competent as the ones that evolved
under NADPH stress, but they were not positively selected.>"?
To gain insights into the natural selection for the E183A" and
E183GF variants at a molecular level, we here generated the
corresponding mutations in E. coli, produced and isolated the
variants, and measured the NAD(P)H-dependent activities of
the preparations, including their side reaction to generate ROS.

A derivative from E. coli strain BW25113 was used, in which
the nuo operon was deleted by genomic replacement methods.®
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Table 1. Kinetic Parameters of the NAD(P)H:Decyl-ubiquinone Oxidoreductase Activity of E. coli Complex I and Its Variants

Ky (uM) Vinax. (pmol min™" mg™") ke (57 keu/ Ky (s7 uM™")
variant NADH NADPH NADH NADPH NADH NADPH NADH NADPH
parental B+1 1870 + 30 29 +02 037 £ 0.1 26+ 2 30x1 20+£03 0.0018 + 0.001
E183AF 12+1 8+1 39 +0.1 39 +£02 351 35+£2 29 +£02 4.35 £ 0.00S
E183GF 11+1 33+£2 21 +£0.1 24+ 0.1 19+1 21 £1 1.7 £02 0.65 + 0.004
E183D"* S8 +1 390 + 30 42 +02 3.8 £02 372 34 +£2 64 + 04 0.09 + 0.006
E183H™ S7x1 25+2 41+02 1.1 +01 372 10+1 6.5+ 03 0.40 + 0.003
E183NF* 14+1 480 + SO 12 +£02 12 +£03 11+£2 11+3 0.8 +0.1 0.022 + 0.006
E183Q" 12+2 45 £ 4 3.1 +02 1.6 + 0.1 28 +2 14 +1 23 +£0.S5 0.32 + 0.003

“Data taken from ref S.

Plasmid pCA24NnuoF was used to introduce the nuoF E183G
and nuoF E183A mutations (Table S1 of the Supporting
Information), and the mutations were introduced into complex
I expression plasmid pBADnuo using A-Red-mediated recom-
bineering (see the Supporting Information).® The complex and
its variants were isolated as described previously.” Typical
preparations are listed in Tables S2 and S3 (Supporting
Information). The purity of the preparations was determined
by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(Figure S2 of the Supporting Information). The NAD(P)-
H:decyl-ubiquinone oxidoreductase activity was measured as a
decrease in the NAD(P)H concentration (see the Supporting
Information). The rate of superoxide and H,0, production was
measured with the horseradish peroxidase-dependent oxidation
of Amplex Red (see the Supporting Information).'~*?

The E183AF and E183G" mutations did not significantly alter
the Ky of complex I with NADH or the V., of the
NADH:decyl-ubiquinone oxidoreductase reaction. Thus, the
catalytic efficiency of this reaction was 85% of the parental
protein with the E183GF variant and 145% with the E183AF
variant (Table 1). Impressively, the K, toward NADPH was
60- and 230-fold increased, respectively, and the V, with
NADPH was enhanced 7—10-fold. The catalytic efficiency of
the NADPH:decyl-ubiquinone oxidoreductase activity of the
E183G" variant was 360-fold enhanced and that of the E183AF
variant >2400-fold (Table 1). Hence, the naturally occurring
mutations generate an energy-convertin% NADPH:ubiquinone
oxidoreductase as proposed previously.”> The E183AF variant
shows by far the highest Ky; with NADPH in comparison to
those of the variants that were produced by site-directed
mutagenesis” and the E183G" variant, the adaption to the
highest imposed intracellular NADPH concentrations, the
second best. The E183A" variant is the only variant with a
higher catalytic efficiency with NADPH than with NADH.
Thus, a catalytically highly competent complex I evolved at
elevated intracellular NADPH concentrations, and a further
increase in NADPH concentration led to the additional
evolution of a complex I with a lower affinity for NADPH
but a still high V., of the reaction (Table 1).

Although the catalytic efficiencies of the other variants
investigated here such as the E183H" variant were on the same
order of magnitude as that of the E183GF variant, these
mutations were not observed during the evolutionary adaption
to cellular NADPH stress.'> We wondered whether this may be
connected with the detrimental production of ROS by complex
I (Figure 1 and Table 2).

In the absence of nucleotides, no ROS production was
observed in the Amplex Red assay. With NADH, the E. coli
complex I transferred approximately 1% of the electrons from
NADH to O,. This rate was 18-fold enhanced using NADPH as

2800

Table 2. H,0, Production per Oxidized NAD(P)H by
Complex I and Its Variants

H,0, production per oxidized nucleotide (%)

variant with NADH with NADPH
parental 0.8 + 0.08 141 £ 04
E183AF 1.6 + 0.1 12 + 0.1
E183GF 1.6 + 0.1 1.3+ 0.1
E183DF 9.5+ 0.9 244 + 1.7
E183H™ 21+02 3.6 + 02
E183NF 22+ 02 41+ 02
E183Q" 21402 49 +£03

“Data taken from ref S.

a substrate. The NADH-dependent ROS production was
enhanced in all variants but to a different extent. While it was
approximately doubled in most variants, it was 12-fold
increased with the E183D variant. Compared to that of the
parental protein, the NADPH-dependent ROS production by
the E183D" variant is nearly doubled while it is only
approximately one-third with all other variants (Table 2).
The E183AF and E183GF variants show remarkably low levels
of ROS production with NADPH as a substrate that were <10%
of that of the parental complex. It is noteworthy that the level
of ROS production by these two variants with NADPH is even
slightly lower as with NADH as a substrate.

The E183H and -QF variants exhibit a higher k., with
NADH as the parental protein, and their level of NADH-
dependent ROS production is only slightly enhanced. However,
these residues are not found at position 183 in any NuoF
homologue in the databases, most likely because the mutations
would lead to a loss of the enzyme’s specificity for NADH over
NADPH.

The kinetic data indicate that the production of ROS is
enhanced in variants with a low affinity for the substrate
NADPH and a high turnover number. For example, the
E183DF variant with a V. of 3.8 units/mg and a Ky of 390
UM produces 5 times more ROS than the E183HF variant with
a V., of L1 units/mg and a Ky of 25 uM. With the
assumption that the mutations induce only local changes in the
protein structure, we propose that it is the binding of the
pyridine nucleotide to subunit NuoF that determines the
accessibility of oxygen to the NADH-binding side.” Accord-
ingly, the mutations give raise to a conformational flexibility at
the NADH-binding site, allowing several binding modes of the
nucleotide that result in an easy or blocked access of oxygen to
the flavin. This implies that there are several possible mutations
around the NADH-binding side that lead to enhanced ROS
production.
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The function of E183" as a molecular device to discriminate
between NADH and NADPH in complex I (Figure S1 of the
Supporting Information) was proven by studies involving
adaptive evolution, structural biology, and site-directed muta-
genesis.s’m’14 During adaptive evolution to NADPH stress, only
the E183A" and E183G" mutants emerged."® The kinetic data
presented here show that these mutations lead to the highest
catalytic efficiencies of complex I with NADPH of all variants
investigated. The catalytic efficiency of the E183AF variant is
extraordinary compared to those of all other variants. However,
the efficiency of the E183G" variant is on the same order of
magnitude as that of the E183H" and E183Q" variants,
although the latter mutations were not observed at cellular
NADPH stress.”> The significantly low level of production of
deleterious ROS by the E183AF and E183G' variants with
NADPH as a substrate might explain why only these mutations
are selected under evolutionary pressure. The 3—4-fold lower
level of ROS production by the E183AF and E183G" variants
compared to that by the E183H, -N, and -Q" variants may be
regarded as a minor difference. However, over time, enhanced
ROS production might lead to the accumulation of ROS,
inhibiting cell growth and contributing to cell death.">'¢ The
E183AF and E183G' mutations ensure an efficient and
productive oxidation of NADPH coupled with the generation
of a proton gradient’ At the same time, the superoxide
production is kept at a very low level to protect the cell from
noxious ROS. Thus, mutations are selected according to the
catalytic efficiency and in addition according to the cellular
safety of the altered reaction, namely the energy-converting
NADPH:ubiquinone oxidoreductase activity.
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