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Aerobic Escherichia coli growth at restricted iron concentrations (< 1.75 + 0.04 uM) is characterized by lower
biomass yield, higher acetate accumulation and higher activation of the siderophore iron-acquisition systems.
Although iron homeostasis in E. coli has been studied intensively, previous studies focused only on understanding
the regulation of the iron import systems and the iron-requiring enzymes. Here, the effect of iron availability on
the energy metabolism of E. coli has been investigated. It was established that aerobic cultures growing under
limiting iron conditions showed lower ATP yield per glucose, lower growth rate and lower TCA cycle activity and
respiration, at the same time as increased glucose consumption, acetate and pyruvate accumulation, practically
mimicking microaerobic growth. However, at excess iron, independent of oxygen availability, the cultures
showed high cellular energetics (5.8 ATP/mol of glucose) by using pathways requiring iron-rich complex pro-
teins found in the TCA cycle and respiratory chain. In conditions of iron excess, some iron-requiring terminal
reductases of the respiratory chain, that were thought to function only under anaerobiosis, were used by the
E. coli, when in aerobic conditions, to maintain high respiratory activity. This allowed it to produce more biomass
and more reactive oxygen species that were controlled by the higher activity of the antioxidant defenses (SOD,
peroxidase and catalase) and the iron-sulfur cluster repair systems.

Over oxygenation

Introduction is limited; nonetheless, E. coli can successfully assimilate the iron needed

for its biological activity, but it is not clear how the microorganism as-

Iron acquisition and storage in Escherichia coli is controlled by the
ferric-uptake regulator (Fur) which coordinates iron homeostasis in
many bacteria. The expression of the E. coli Fur regulon is also controlled
by oxygen availability [1]. Under conditions of oxygen availability and
especially at over-oxygenation, the small RNA RyhB is upregulated due
to Fur inactivation and, in turn, downregulates its client genes (sodB,
hybB, hybC, acnA, feoA, and feoB) reducing the expression of nones-
sential iron-binding proteins [2-4]. However, in cultures with excess
iron, over-oxygenation also activates the ferrichrome transport (FhuA)
across the E. coli membrane [2], causing the accumulation of
siderophore-iron in the cells. In aerobic growth conditions, unlike in
anaerobic or microaerobic conditions, the intracellular labile Fe>* pool

similates the iron needed at elevated oxygen conditions. The purpose of
this work is to understand how the bacteria overcome the potential low
iron availability at over oxygenation.

Iron is an essential element for most organisms, especially for the
biological activity of proteins containing iron centers, such as heme
moieties, and iron-sulfur clusters. According to the EcoCyc database,
E. coli has at least 241 genes that encode annotated iron-binding pro-
teins, most of them involved in respiration, TCA cycle activity and DNA
biosynthesis [5].

Iron exists in two predominantly redox states, the relatively soluble
ferrous (Fe?*) state (0.1 M at pH 7.0), which is prevalent in anaerobic
conditions, and the insoluble ferric form Fe*H) (108 M at pH 7.0),

Abbreviations: Fur, ferric-uptake regulator; DMSO, dimethyl sulfoxide; TMAO, trimethylamine-N-oxide; DEG, differentially expressed gene; dO,, dissolved oxygen.
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which is prevalent in aerobic conditions [6]. During anaerobic growth,
E. coli increases the intracellular labile ferrous iron (Fe?") pool by
inducing the FeoABC ferrous transport system, but in aerobic conditions
iron availability is limited due to the insolubility of the ferric iron. In
these conditions, to cope with the low iron availability, E. coli activates
the expression of the Fe3" uptake systems (enterobactin and ferri-
chrome), to increase iron uptake [1].

Aerobic iron metabolism in E. coli K-12 has been studied under iron-
limiting conditions where iron availability was limited by the addition of
the iron chelator 2,2’-dipyridyl (dip) at 200 mM, which triggered the
expression of several iron-acquisition genes. Among them are those
involved in Fe-enterobactin transport, Fe-hydroxamate transport,
enterobactin biosynthesis, Fe-S formation, Fe-siderophore transport,
and Fe-citrate transport [7]. At these conditions, genes encoding for
cytochromes, nitrate reductase, and the fumarate reductase complex
were downregulated. The dip chelator also induces the small RNA RyhB,
repressing the synthesis of many iron-binding proteins, which increases
intracellular levels of iron [8].

Iron-limited cultures of E. coli MG1655 under aerobic conditions at
nonlimited glucose are characterized by lower biomass yield and higher
acetate accumulation compared with glucose-limited cultures [9]. Pro-
teomic  analysis has shown that the abundance of
glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate kinase,
enolase and pyruvate kinase increased at low iron conditions; all these
enzymes are involved in the energy generation phase of glycolysis. It is,
therefore, not surprising that at these iron-limited conditions, the
abundance of iron-dependent enzymes of the TCA cycle was decreased
[10,11].

Although iron homeostasis has been studied in E. coli batch and
continuous cultures [4,7,10], most of these studies were focused on
understanding the regulation of iron import systems and iron-requiring
enzymes. The purpose of this work is to determine how iron availability
affects the energy metabolism of E. coli without the toxic effect of iron
chelators. Low iron availability in aerobic cultures decreased growth
yield and respiration while increasing glucose consumption, accumu-
lation of pyruvate and acetate, mimicking microaerobic conditions.
Iron-limited cultures showed lower respiration rates caused mainly by
the low expression of NADH dehydrogenase I, hydrogenase 2, and
downregulation of nitrate, dimethyl sulfoxide (DMSO),
trimethylamine-N-oxide (TMAO), and fumarate reductases terminals.
Finally, a global metabolic analysis for aerobic iron-limited cultures is
presented in terms of cellular energetics.

Materials and methods
Bacterial strains, inoculum preparation and culture media

E. coli MG1655 (F-, A, ilvG-, rfb-50, rph-1) was grown at steady-state
conditions in a defined medium with the following composition:
KH3POy4, 13 g/L; (NH4)2HPOy4, 4 g/L; citric acid, 1.5 g/L. The pH was
adjusted to 7.0 with 5 M NaOH prior to sterilization, and after sterili-
zation the medium was aseptically supplemented with 1 mL/L of trace
metal solution with or without 100 pM iron [12], 5 mM MgSO4, 4.5
mg/L thiamine-HCl, and 8 g/L glucose. Frozen stocks were used to
inoculate overnight precultures grown at 37 °C in 100 mL of defined
medium with 5 g/L of glucose. All chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Bioreactor culture conditions

Continuous cultures were performed in triplicate at a dilution rate of
0.4 h'! in a 5 L bioreactor (Sartorius, Gottingen, Germany) with and
without iron limitation. The temperature was maintained at 37 °C and
pH was controlled at 7 by NH4OH (25 %) addition. Dissolved oxygen
(dO2) concentration was measured with a polarographic oxygen elec-
trode (Mettler Toledo, Columbus, OH, USA) and was controlled at 6.3 %,
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21 %, 42 %, and 63 % of pure oxygen saturation. Two-point calibration
of the dissolved oxygen electrode was performed by bubbling nitrogen
for zero and pure oxygen for 100 % saturated. After calibration, regular
air was bubbled into the bioreactor to confirm a dO, value of 21 %. The
working volume of the cultures was kept at 2 L by two peristaltic pumps,
one for effluent and the other for feeding sterile medium. Continuous
cultures were initiated with a dO set value of 6.3 % (equivalent to 30 %
air saturation), and after five residence times, when a steady state was
confirmed, fermentation samples were taken for dry weight, metabo-
lites, RNA and protein isolation. At this point the dO5 was increased to
21 % (equivalent to 100 % air saturation), followed by an increase to 42
% (equivalent to 200 % air saturation) and 63 % (equivalent to 300 % air
saturation), by using a pure oxygen-air mixture as inlet gas. Samples for
glucose and acetic acid assays were centrifuged and immediately filtered
(0.2 um pore size filter, Millipore) and kept at — 20 °C until analysis.
Samples for proteomic analysis were centrifuged at 20,800 x g for 5 min
at 4 °C, washed with phosphate buffered saline (PBS), and the pellets
quickly frozen in a dry ice-ethanol mixture and stored at — 80 °C. For
RNA-seq, 1 mL of fermentation samples were added to 4 mL RNAprotect
reagent (Qiagen, Valencia, CA, USA), mixed, and incubated for 5 min at
room temperature. After centrifugation for 10 min at 5000 x g, the su-
pernatant was discarded and the pellets were suspended in 1 mL TRIzol
reagent (Life Technologies, Carlsbad, CA, USA), frozen immediately in
dry ice and stored at — 80 °C. Off gas (oxygen and carbon dioxide)
composition was analyzed online by using a BlueInOne Ferm (BlueSens,
Herten, Germany) gas analyzer. Online respiration activity was calcu-
lated from O5 and COs transfer rates, which were calculated performing
oxygen and CO3 mass balance between the inlet and outlet gas compo-
sition data, as specified in the following equations.

P F;
OTR = RT. * v, * (Y02.i —R;* Y()Z.r))

i L

CTR:L*E*

RT, "V, (Ri * Ycono — YCOZ.i)

1 —Yori — Yeori — Yo, i

R =
1 — Y020 — Yc020 = Y20,

Where OTR is the oxygen transfer rate (mole L1 min'l); CTR is the
carbon dioxide transfer rate (mole L' min‘l); P is the absolute pressure
of gaseous stream (atm), R is the ideal gas constant (L atm mol! K'l), Tis
the temperature of gaseous stream (K), F is the gas flow rate (L min™h), Vi,
is the reactor working volume (L), R; is the inert ratio, yoz is the oxygen
molar fraction, ycoz is the carbon dioxide molar fraction, i and o sub-
scripts denotes the inlet and outlet, respectively.

Analytical methods

Cell growth was followed by measuring culture Optical Density (OD)
at 600 nm (Ultrospec 3000 UV/Visible spectrophotometer, Pharmacia
Biotec, PA, USA); the measurement values were converted to dry cell
weight (DCW) per liter wusing a calibration curve (1
OD600 nm = 0.403 gDCW/L).

Glucose and lactate concentrations were determined by YSI 2700
Biochemistry Analyzer (YSI Instruments, Yellow Springs, OH, USA). The
acetic acid concentration was determined using the R-Biopharm AG
(Darmstadt, Germany) Kit (Cat. No. 10 148 261 035). Siderophore
concentration was measured by using the chrome azurol S (CAS)
competitive iron-binding capacity assay [13].

Pyruvate, glutamate, and hypoxanthine concentrations were deter-
mined by using the Rigol L-3000 HPLC system (Rigol Technologies, Inc.
Beijing, China). Chromatographic separation was performed on a Kro-
masil C18 column (250 mm x 4.6 mm, 5 pm) (Sigma-Aldrich, St. Louis,
MO, USA) with column temperature set at 30 °C for pyruvate and hy-
poxanthine, and 40 °C for glutamate. The mobile phase for pyruvate
consisted of two solutions, solution A (182.6 mg KoHPO4 and 1415 mg
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KH,PO4 dissolved in 800 mL ultrapure water) and solution B (200 mL
methanol) with isocratic elution 40 min. The detection wavelength was
325 nm. The flow rate was 1.0 mL/min and the injection volume was
10 pL. The mobile phase for hypoxanthine was 5 mM KH3PO4, with
isocratic elution for 40 min. The UV detection wavelength was 254 nm.
The flow rate was set at 1.0 mL/min and the injection volume was 10 pL.
The mobile phase for glutamate consisted of two effluents: solution A
(7.6 g CH3COONa dissolved in 70 mL acetonitrile and 925 mL ultrapure
water) and solution B (80% acetonitrile, 20 % H»0). The following
gradient was used: 100 % solution A for 2 min, 0-45 % solution B for
31 min, 100 % solution B for 5 min, and then equilibration at 100 %
solution A for 7 min to restore the initial condition. The flow rate was set
at 1.0 mL/min and the injection volume was 10 pL. For pyruvate sample
preparation, culture supernatants (0.2 mL) were extracted with 0.2 mL
extraction reagent (5 mg EDTA dissolved in 76 mL ultrapure water and
4 mL of HCI solution 4 M) and mixed with 0.3 mL ultrapure water and
stored at — 4 °C for 60 min. Precipitates were removed by centrifugation
at 17,000 g and 4 °C for 10 min. Supernatants (0.25 mL) were alkalin-
ized by the addition of 50 pL. NaOH 0.2 M and derivatized with 200 pL
phenylhydrazine hydrochloride (55 mM) in 175 pL of PBS, pH 7.4
120 mM, for 30 min at 25 °C. For hypoxanthine sample preparation,
0.5 mL culture supernatants were hydrolyzed with 1 mL HCIO4 at
100 °C for 60 min followed by NaOH addition to adjust the pH to 3.8,
the resulting solution was dried and reconstituted with 1 mL NaOH for
HPLC analysis. For glutamate sample preparation, culture supernatant
(0.2 mL) was mixed with 0.2 mL amino acid standard solution, added
with 20 pL norleucine for the internal standard, 100 pL (C2H5)3N-
acetonitrile and 100 pL phenyl isothiocyanate acetonitrile, vortexed,
kept at 25 °C for 60 min. Thereafter, 400 pL hexane was added to each
extract, vortexed, and centrifuged. The lower layer was collected and
filtered through a 0.22 pm membrane for HPLC analysis.

Enzyme activities

To measure the activities of the antioxidant enzymes, 50 mL culture
was centrifuged at 9000 x g, 4 °C, for 20 min, and the cell pellet was
suspended in 5 mL of ice-cold potassium phosphate buffer 50 mM, pH
7.8. Cells were disrupted by sonication, using an Ultrasonic Homoge-
nizer Processor XL (Cole-Parmer, IL, USA) (15 s with 45 s short-term
cooling in ice, 12 series), the cell debris was removed by centrifuga-
tion for 20 min at 20,000 g and 4 °C, the supernatant was stored in al-
iquots at — 20 °C until use, and the protein concentration was measured
by Pierce BCA Protein Assay Kit (Cat. No. 23225 Thermo Fisher Scien-
tific, IL, USA). The catalase activity in the cell-free extracts was deter-
mined spectrophotometrically (1 cm cuvette, PharmaSpec UV-1700
spectrophotometer) at 240 nm. The catalase enzyme-mediated dis-
mutation of hydrogen peroxide into molecular oxygen and water was
followed as a change in absorbance at 240 nm in 50 mM potassium
phosphate buffer, pH 7.0 with €349 = 39.4 M em™? [14]. One unit of
catalase decomposes 1.0 pmole of HyO5 per 1 min at pH 7.0 and 25 °C,
when 10.3 mM initial concentration of Hy0- is used. The peroxidase
activity was determined spectrophotometrically using 2,2’-azino-bis-3-
ethylbenzthiazoline-6-sulfonic acid (ABTS) as a substrate [15]. The
assay mixture in deionized water (1 mL of reaction volume) contained
96 mM potassium phosphate (pH 5.0), 8.7 mM ABTS, 0.01 % (w/w)
H505, 0.004 % (w/v) bovine serum albumin and 0.008 % (v/v) Triton
X-100. One unit of peroxidase oxidizes 1.0 pmole of ABTS per 1 min at
pH 5.0 and 25 °C, 405 = 36.8 M em™. The rate of accumulation of
oxidized ABTS was followed by the increase in absorbance at 405 nm.
Superoxide dismutase (SOD) activity was determined spectrophoto-
metrically at 550 nm by the xanthine oxidase-cytochrome ¢ method
[15]. The assay mixture in deionized water contained 50 mM potassium
phosphate (pH 7.8), 0.1 mM EDTA, 50 uM xanthine, 10 pM cytochrome
¢, and 5 mU xanthine oxidase. One unit of SOD inhibits the rate of
reduction of cytochrome ¢ by 50 % in a coupled system, using xanthine
and xanthine oxidase as an enzymatic source of the superoxide radical at
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pH 7.8 and 25 °C.
Total RNA isolation and RNA-seq analysis

Total RNA was isolated from the frozen cells in Trizol samples
collected from three independent runs from iron-restricted and iron-
available cultures using the hot phenol method [16]. The ribosomal
RNA was depleted from the purified total RNA by using the RiboMinus
Transcriptome Isolation Kit (Invitrogen, Carlsbad, CA, USA), following
the manufacturer’s instructions. RNA concentration and quality were
assayed using NanoDrop 2000 Spectrophotometer and Bioanalyzer 2100
(Agilent Technologies, Sta. Clara, CA, USA). The RNA-seq libraries were
prepared using the TruSeq Stranded Total RNA with Ribo-Zero Plus
(Illumina, San Diego, CA, USA) for Illumina as described in [16]. Initial
cDNA library was quantitated using PicoGreen assay. The cDNA library
samples were sequenced in Illumina Novaseq6000 for the complete
transcriptome sequencing. The RNA-seq data processing was done as
described in [16]. dOy point samples were processed using biological
triplicates from three different continuous culture runs. ANOVA was
performed to compare transcriptome profiles among cultures at unre-
stricted and restricted iron conditions. Significant differentially
expressed genes (DEGs) were obtained by using filtering criteria of
p-value and fold change cut off of less than or equal to 0.05 and 1.50,
respectively. Pathway enrichment analysis and regulatory interactions
on the DEGs was done using the Partek genomics suite and omics
dashboard tool of EcoCyc [17], respectively.

Proteomics analysis

Frozen pellet samples were resuspended in 1 % sodium dodecanoate
[18], heated to 90 °C for 10 min, then bacterial cells were disrupted in a
Diagenode bioruptor (Denville, NJ, USA) using three 10-min cycles at
setting 3 at 50 % duty cycle without concern for heating (but the bath
stayed below 32 °C). Bacterial extracts were reduced, alkylated, diges-
ted with trypsin, and freed of soap through acidification and three ethyl
acetate extractions as described by [18] except that chloroacetamide
was used in place of iodoacetamide [19]. One-third of the volume ob-
tained from each sample were pooled to serve as an internal standard.
The pool and the remaining sample were loaded (separately) on C8/C18
Stage tips (the pool distributed over two column sets) and subjected to
on-column reductive dimethylation with each sample receiving either
an “M” or “H” chemistry labeling reaction following protocol C in [20]
and the “pool” sample received the “L” chemistry. As detailed in the
reference [20] “L” peptides have two normal methyl groups, “M” pep-
tides have two methyl groups each with two deuterons, and “H” peptides
have three deuterons and a carbon-13 making up each of the two methyl
groups on each original amino group. After elution, the same portion of
the pool eluate (“L”) was added to each pair of sample eluates made up
of an “M” and “H” reacted sample, and these carefully “doped” samples
were dried under nitrogen and resuspended in 30 pL 0.1 % formic acid
2 % acetonitrile and analyzed essentially as described by [21] but with a
Thermo nLC-1000 (operating at 0.1 yL/min for separation) and a single
column configuration 500 cm Easy Spray column (Thermo Fisher Sci-
entific, IL, USA) in place of the NanoAcquity two column configuration.
Because only higher abundance proteins were of interest, prefractiona-
tion was not needed.

The “L” pool sample is made up of an equal contribution of each of
the samples being analyzed and the same amount is used in each com-
bination (“L” + “M” + “H”) where the “M” and “H” channels are occu-
pied by the original samples in a series of runs. Using MaxQuant (21) a
median estimate based on all observations from a particular protein
group of the M/L or H/L ratios are obtained. Because the make-up of the
material in the L channel is the same, these ratios provide an estimate of
the relative amount of protein in each of the samples used to make up
the “M” and “H” channels, being normalized to the abundance of the
protein present in the “L” sample. Because the same pool type standard
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was used for each sample, the tables resulting from analysis display the
program’s best estimate of protein abundance for each sample in a
proportional way with each protein on its own scale, i.e. values were
normalized per protein to generate quantitative ratios. To generate
metabolic maps, readings from the same condition were averaged,
comparisons between conditions were made as ratios of these average
ratios, and the resulting values were normalized to zero via a natural log
transformation. These log transformed values were superimposed onto a
cellular overview of metabolism for E. coli K-12 substrain MG1655
available on ecocyc.org.

Flux distribution calculations

The genome-scale metabolic model iJO1366 of E. coli was used to
explore the metabolic fluxes [22]. Flux balance analysis (FBA) is a
method that uses linear programming to calculate the flux distribution
[23,24]. The consumption rates of glucose, Oy, and CO, and the pro-
duction rates of acetate, glutamate, hypoxanthine and pyruvate were
used as constraints to predict the growth rate as the objective function
for either iron-limited or iron-excess conditions. The flux distribution
was calculated using the COBRA Toolbox in Matlab 2020 [25].

Statistical analysis

The statistical analysis of kinetic parameters, metabolite concentra-
tions, and enzyme activities values was performed using Sigma Plot
(Systat Software Inc., Palo Alto, CA, USA). Data were analyzed globally
by analysis of variance (ANOVA) single factor, and significant treatment
effects were determined by Fisher’s LSD test. Bioassays were performed
three times with three replicates per treatment.
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Results

Effect of dissolved oxygen on biomass production, glucose consumption,
and acetate excretion in E. coli growing at steady state with and without
iron limitation

To determine how iron availability alters the energy metabolism of
E. coli K-12 (MG1655 strain), iron-limiting cultures were performed
under steady-state conditions with different oxygen concentrations
(Supplementary Fig. 1). By using this approach, any changes in the
cellular energetics would be the result of iron availability and not of
growth rate or growth phase. The bacteria were grown in a minimal
medium with and without 100 uM FeCl; supplementation. The con-
centration of the contaminating iron in the medium without iron addi-
tion was 1.75 + 0.04 puM, making the ratio of ferric iron (Fe®*h) to ferrous
iron (Fe2+) 1.12, while the total amount of iron in the culture with iron
supplementation was 105.56 + 0.23 pM, making the ratio of ferric iron
(Fe3+) to ferrous iron (Fe2+) 19.7. Independent of the dO5 concentra-
tion, steady-state cultures with iron limitation displayed lower biomass
yield (Yx/s) and lower specific biomass production rate (gX) when
compared with cultures grown at excess iron (Fig. 1A, B). In addition,
the cultures grown with iron limitation showed increased acetate pro-
duction rate (qA) and glucose consumption rate (qS) when compared
with cultures grown at excess iron (Fig. 1C, D). Lactate was not
detectable during YSI biochemistry analysis of culture medium either
with iron limitation or iron excess. The iron limitation also decreased the
specific Oy consumption rate (qO3) and the CO2 production rate (qCO3)
in cultures controlled at dOy of 6.3 % (Table 1), and the respiratory
quotient was practically the same, 1.007 + 0.018 versus 1.02 + 0.007
(Table 1). These findings suggest a microaerobic-like response of E. coli
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200.40 A
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2
>>E 0.00 T T T
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Fig. 1. Growth parameters of steady state cultures (D = 0.4 h™!) with and without iron limitation controlled at different dissolved oxygen concentrations. A. Specific
biomass production rate, B. Biomass yield on glucose, C. Specific glucose consumption rate, and D. specific acetate production rate. An asterisk indicates a significant
difference between iron limitation and iron excess based on Fisher’s LSD test at p = 0.05.
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Table 1
Respiration parameters of cultures controlled at dO, of 6.3 %.

Parameter Iron limitation Iron excess
Respiratory quotient 1.007 £+ 0.018 1.02 + 0.007
qO (mmol/gCDW h) 4.740 + 0.087 9.95 + 0.085
qCO; (mmol/gCDW h) 4.770 + 0.046 10.16 + 0.110

growing in iron limitation, independent of the dO; concentration in the
culture medium.

Effect of dO2 on accumulation of glutamate, pyruvate and hypoxanthine in
E. coli growing at steady state with and without iron limitation

To determine whether the iron limitation affects the pyruvate node
and the TCA cycle, pyruvate and glutamate concentrations were deter-
mined in the culture medium. The results are summarized in Fig. 2. Iron
limitation was associated with higher pyruvate accumulation while the
dO; concentration had no effect (Fig. 2A). Glutamate concentration was
unaffected by either iron limitation or O, concentration (Fig. 2B), sug-
gesting that the balanced glucose catabolism was partially reduced,
most likely at the pyruvate node, leading to pyruvate and acetate
accumulation. Accumulation of hypoxanthine, a degradation product of
ATP, in the culture medium is considered a general stress indicator [26],
but its concentration was not affected by the iron concentration
(Fig. 2C).
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Fig. 2. Extracellular concentrations of glutamate, pyruvate and hypoxanthine
in E. coli steady state cultures (D = 0.4 h!) with and without iron limitation at
different dissolved oxygen concentrations A. Pyruvate, B. Glutamate, and C.
Hypoxanthine. An asterisk indicates a significant difference between iron excess
and iron limitation according to Fisher’s LSD test at p = 0.05.
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Effect of dO2 on siderophore production and peroxidase, superoxide
dismutase and catalase activity in E. coli growing at steady state with and
without iron limitation

Iron availability affects the activity of several metalloenzymes, such
as superoxide dismutase catalase, and peroxidase, and therefore the
cells’ ability to respond to the harmful effect of the reactive oxygen
species formed during aerobic growth. Hence, the presence of 105.6 pM
FeCl;3 increased the activities of SOD, catalase, and peroxidase (Fig. 3).
The activities of peroxidase and SOD increased together with the
increased dO; concentration (Fig. 3A, B), an indication that elevated Oq
concentrations are associated with increased oxidative stress. Catalase
activity was unaffected by the O, concentration (Fig. 3C).

When iron is limited, E. coli activates enterobactin biosynthesis, the
iron acquisition system, that retracts ferric iron into the cells. The
amount of siderophore secreted by E. coli at iron limitation conditions
was measured using the chrome azurol S (CAS) competitive iron-binding
capacity assay and the results are shown in Fig. 3D. As expected, iron-
limited cultures had higher siderophore production than cultures with
excess iron, independent of the dO5 concentration.

Effect of dO2 on transcriptomic profile of E. coli growing at steady state
with and without iron limitation

Independent of the oxygen availability, iron limitation decreased
biomass yield, respiration and antioxidant defenses, while at the same
time increasing glucose consumption, pyruvate, and acetate secretion,
mimicking a microaerobic conditions response. To understand the bac-
terial response to iron limitation at the dO, concentrations (6.3 %, 21 %
and 63 %), a comparative transcriptomic analysis was conducted.
Transcriptomic analysis (iron excess over iron limitation) at 6.3 %, 21 %
and 63 % dO; resulted in 145, 127, and 194 upregulated genes (> 1.5
fold change, p < 0.05) and 26, 75, and 154 downregulated genes
(< — 1.5 fold change, p < 0.05) (Supplementary Table 1). Among the
DEGs, 31 were upregulated and 16 were downregulated in all dOs
conditions shown by the Venn diagram in Fig. 4. Functional annotation
and over-representation of the upregulated and downregulated genes of
GO terms (p < 0.05) were performed. The results showed that excess
iron increased the expression of genes involved in putrescine (puuA,
puuB, puuC, puuD, and puuE) and L-arginine degradation (astA, astB,
astC, and astD) likely to increase nitrogen availability. Iron availability
also increased the transcription of genes involved in the detoxification of
copper and silver ions as part of the CusCFBA copper/silver efflux sys-
tem (cusA, cusB, and cusC), and increased the expression of sodB and
other genes involved in propanoate degradation (prpB, prpC, prpD, and
prpE). At the same time, excess iron downregulated genes involved in
siderophore biosynthesis (entA, entB, entC, entD, entE, and entF), iron
(III) transport (fhuE, fepA, and fiu), and protein folding/response to pH
(hdeA, hdeB, and hdeD) (Supplementary Table 1).

The functional clustering of genes that were upregulated at 6.3% dO,
with iron excess revealed the enrichment of genes involved in multi-
haem cytochrome c proteins of the anaerobic electron transport chain
formed by hydrogenase and nitrate reductase or DMSO reductase
(Table 2). Excess iron at 21 % and 63 % dO, was associated with
upregulation of genes involved in the respiratory chains formed by hy-
drogenase 2 and TMAO, nitrate, and fumarate reductases (Table 2),
which are normally used in anaerobic conditions. The functional clus-
tering of the 84 genes that were upregulated only at 6.3% dO, with iron
excess (Supplementary Table 1) revealed the enrichment of genes
involved in phenolic compound degradation (hcaF, mhpB, and paaZ) and
citrate lyase activation (citC, citE). The 23 genes that were upregulated
at 21 % dO; exclusively by excess iron, were not functionally clustered
(Supplementary Table 1). There were 108 specific genes that were
upregulated by excess iron only at 63 % dO (Supplementary Table 1).
The overrepresented functional groups for these specific genes were for
bacterial chemotaxis (aer, malE, mglB, rbsB, trg, and uspF), sugar
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Fig. 4. Venn diagram of transcriptomics data at different dissolved oxygen concentrations. Analysis was performed from data obtained from bacteria grown in

minimal medium with and without iron limitation.

transport (rbsA, malEK, xylF, xylG, mglB, rbsB, chiP, and treB), and fatty
acid degradation (fadB, fadD, fadE, fadl, and fadJ). Excess iron down-
regulated three specific genes at 6.3 % dO, and 16 at 21 % dO, (Fig. 4
and Supplementary Table 1), which were not clustered with a significant
p-value. For cultures at 63 % dO,, iron excess downregulated 98 specific
genes (Supplementary Table 1 and Fig. 4). These repressed genes were
clustered in the amino acid transmembrane transport group (gadC, plaP,
ydgl, yjeM, and tyrP) and the rRNA processing group (rlmA, rlmC, rlmF,
rlmG, rsmF, rluC, and truC), activity of which is required for translation
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and cell growth.

The effects of dOy upshifts on gene expression were evaluated at
steady-state conditions with and without iron limitation (Supplemen-
tary Table 2). Increasing dOy to 63 % in cultures with iron excess
upregulated genes encoding for ribonucleoside-diphosphate reductase
(NrdF), dimanganese-tyrosyl radical cofactor maintenance flavodoxin
(Nrdl), and glutaredoxin-like protein (NrdH), all required for activity of
class Ib ribonucleotide reductase, which normally is induced by oxida-
tive stress. Oxygen upshifts also increased the transcription of the ferric
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Table 2

New BIOTECHNOLOGY 71 (2022) 11-20

Up regulation of dehydrogenases and terminal reductases of the respiratory chains of E. coli by iron excess in aerobic conditions (transcriptomic and proteomic level).

In italic are the repressed ones.

dO, Conc (%) Dehydrogenases Genes/protein Redox pair Terminal reductases Genes Redox pair
6.3 Hydrogenase 2 hybAB H"/H, Nitrate reductase Z narZU NO3/NO>3
NADH DH I NuoA-L NAD*/NADH Periplasmic nitrate reductase napABCGH NO3/NO>
Pyruvate oxidase PoxB Acetate + COy/pyruvate Nitrite reductase nrfB NO5/NH}
Glucose DHD Ged Glucose/gluconate DMSO reductase dmsA DMSO/DMS
-amino acid DH DadA 2-oxoacid + NH4 +/amino acid
NADH DH II Ndh NAD*/NADH
21 Hydrogenase 2 hybAB H'/H, Periplasmic nitrate reductase napGH NO3/NO>
DMSO reductase dmsAB DMSO/DMS
Fumarate reductase frdBCD Fumarate/succinate
63 Hydrogenase 2 hybA H'/Hy Periplasmic nitrate reductase napH NO3/NO>3
NADH DH 1 nuoA-L NAD'/NADH TMAO reductase torY TMAO/TMA
Pyruvate oxidase PoxB Acetate + CO,/pyruvate Fumarate reductase frdBC Fumarate/succinate
Glucose DHD Ged Glucose/gluconate
-amino acid DH DadA 2-oxoacid + NH,4 +/amino acid
NADH DH II Ndh NAD*/NADH

enterobactin esterase (fes) and enterobactin biosynthesis protein (ybdZ),
both usually activated in response to iron-limiting conditions. Under
excess iron conditions, high O3 led to repression of genes involved in
cyanate degradation (cynS and cynT) and periplasmic diheme cyto-
chrome ¢550 components of periplasmic nitrate reductase (napABG) and
hydrogenase 2 (hybB) (Supplementary Table 2).

In cultures with iron limitation, elevated Oy upregulated genes
involved in biofilm formation (dgcJ, dgcN, pdeF, yafQ, ycbU, and yqcC),
biosynthesis of extracellular polysaccharide (wcaD and wcal), detoxifi-
cation efflux pumps (emrY and mdtL), and DNA damage response (emrY,
gadW, hprS, hyfF, nikE, ybfE, xseA, ybiJ, and ycjW) (Supplementary
Table 2). Under these conditions, high O, concentrations downregulated
genes involved in fatty acid degradation (fadA, fadB, fadD, fadl, and
fadJ), D-mannose degradation (manY, manZ), D- and L-arabinose
degradation (aldA, fucA, araA, araB) and translation initiation (epmA,
infA, rpsT, rpsU, yafQ).

Effect of dO2 on proteomic profile of E. coli growing at steady state with
and without iron limitation

Similar to the effect of oxygen on the transcriptomic, the proteomic
analysis at 6.3 % dO» showed that excess iron decreased the expression
of proteins involved in siderophore/enterobactin synthesis (EntA, EntB,
EntC, EntE, and EntF) and iron transport (EfeO, FepA, FhuE, Fiu, and
FeoB), while it activated the protein expression of propanoate (propio-
nate) degradation (PrpB, PrpC, and PrpD,), the CusCFBA copper/silver
efflux system (CusA, CusB, and CusC), and the superoxide dismutase B
(SodB) (Supplementary Table 3), showing that expression of these gene
products was differentiated at both transcript and protein levels. Excess
iron also increased the protein expression of the respiratory chain
formed by NADH dehydrogenase I (NuoA, NuoB, NuoC, NuoE, NuoG,
and Nuol), and the TCA cycle (AcnA, AcnB, FumA, FumC, SucC, SdhA,
and SdhB), whose encoding genes were not affected at the transcrip-
tional level. Conversely, excess iron repressed protein expression of
glycolysis (GpmA, PfkA), chorismate biosynthesis (AroA, AroG, AroH)
and acetate production (PoxB). A similar protein expression pattern was
observed for dO5 of 63 % in cultures with excess over limitation of iron
(Supplementary Table 3).

The effect of oxygen upshift on proteomic profile was also analyzed
in cultures with and without iron limitations (Supplementary Table 4).
Proteins overexpressed when O; increased in cultures with iron avail-
ability were cysteine desulfurases (IscU and IscS), ferredoxin (Fdx),
transcription factor Iron-sulfur cluster regulator (IscR), iron-sulfur
cluster biosynthesis chaperones (HscA, HscB), and the iron-sulfur clus-
ter carrier protein (NfuA), all of which are required for assembly of iron-
sulfur clusters. Over oxygenation also increased the expression of pro-
teins involved in oxidative stress (PpiC and FumC), and at the same time
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repressed the mechanosensitive channel (MscS) and the sensor of cell
envelope defects (ResF) (Supplementary Table 4). At iron-limited con-
ditions, over oxygenation triggered the overexpression of the iron-sulfur
cluster regulator (IscR), cysteine desulfurase (IscS), and a chaperone
(HscB) involved in the regulation of secondary pathways of iron-sulfur
cluster assembly, iron-sulfur proteins and anaerobic respiration en-
zymes. Under these iron limiting conditions, over oxygenation repressed
proteins involved in respiration (NADH dehydrogenase I, NuoF), trans-
lation (RpIN, YeiP), ferrous iron uptake system (FeoB), and membrane
transport/translocation (TatA, GatB, FruB, CusB, MalF).

Estimated flux distributions of E. coli growing at steady state with and
without iron limitation at dO2 of 6.3 %

The aerobic flux distribution maps of E. coli growing at steady state
with and without iron limitation are shown in Fig. 5. The iron limitation
flux map was characterized by high flux through glycolysis (1.6-fold
higher than iron excess conditions), high carbon flow in the oxidative
pentose phosphate pathway (55 % of glucose uptake versus 36 % for
iron excess conditions), and low flow through the TCA cycle (3-fold
lower than iron excess conditions). Significant fluxes of fermentation
metabolites such as formic acid (3.88 mmol/gCDW/h) and acetic acid
(2.47 mmol/gCDW/h) were observed in cultures with iron limitation
but not with iron excess (Fig. 5). This waste of carbon is consistent with
less efficient use of carbon for biomass production under iron-limiting
conditions (Fig. 1A, B). Carbon flow through citrate synthase (GItA)
and aconitase (AcnB) in the TCA cycle accounted for 11.6 % of the
glucose consumption rate for cultures grown in iron limitation and
53.3 % for cultures grown in iron excess. Respiration and central
metabolism of cultures grown at iron excess produced about 5.8 mmol
ATP per mmol of glucose consumed while cultures grown at iron
restricted produced only 2.9 mmol ATP per mmol of glucose consumed,
an indication of a restricted cellular energetics caused by iron limitation.
Consequently, the flux through the NADH dehydrogenase I and cyto-
chrome bos ubiquinol oxidase at iron excess were 17 % and 29 % higher
than iron limiting conditions (Supplementary Table 5).

Discussion

Independently of the oxygenation level, aerobic E. coli cultures under
iron limitation conditions exhibited lower cellular energetics and a
microaerobic-like response that are associated with both lower biomass
production and respiration rate (Fig. 1A, B, and Table 1). The impaired
respiration rate could be the result of the reduced iron-sulfur cluster
containing proteins of the NADH dehydrogenase I and the TCA cycle,
such as NuoB, NuoC, NuoE, NuoF, NuoG, Nuol, AcnA, AcnB, SdhA,
SdhB, and FumA, which were suppressed at the iron limiting conditions.
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In addition, iron limiting conditions displayed lower transcription levels
of hydrogenase 2 and the terminal reductases of the respiratory chain
such as nitrate, nitrite, DMSO, TMAO, and fumarate reductases (Table 2
and Supplementary Table 1), which are also iron-containing proteins.
Since cellular iron concentration in E. coli increases proportionally with
the iron concentration in the growth medium [27,28], it would be ex-
pected that cells growing in culture with excess iron have a higher
concentration of iron-rich protein complexes, several of which are found
in the respiratory chain and the TCA cycle (Table 2 and Supplementary
Table 1). Thus, to direct a rational investment of iron and energy to
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synthesize large complexes of iron-containing enzymes, iron-restricted
cells repressed the NADH dehydrogenase I, hydrogenase 2 iron-sulfur
protein (hybA), periplasmic nitrate reductase cytochrome csso protein
(napB), periplasmic nitrite reductase penta-heme c-type cytochrome
(nrfB), dimethyl sulfoxide reductase subunit A (dmsA), and fumarate
reductase iron-sulfur protein (frdB) (Table 2).

However, there are inescapable metabolic adjustments associated
with this rational iron investment that cells should overcome. The first is
the lower cellular energetics (2.9 mmol ATP/mmol glucose at iron
limitation versus 5.8 mmol ATP/mmol glucose at iron excess), which are
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the result of limited TCA cycle and respiratory chain activities that likely
reduced the ATP per glucose yield and hence impaired cell growth. Iron
restricted bacteria also displayed lower degradation of L-arginine, pu-
trescine, and cyanate (Supplementary Tables 1 and 3), which probably
restricted nitrogen availability to the cells, since all these pathways yield
ammonia. Furthermore, iron limitation also decreased propanoate and
fatty acid degradation, thus limiting the source of carbon and energy,
which explains the lower biomass yield of iron restricted bacteria
(Fig. 1B). In response to the low cellular energetics, E. coli increased
glucose consumption (Fig. 1C) which correlated with increased protein
expression of the glycolytic enzymes and higher glycolytic flux (Sup-
plementary Table 3 and Fig. 5). As a result, a bottleneck at the pyruvate
node was indicated by the higher accumulation of acetate and pyruvate
and flux of formic acid.

It has been proposed [28] that high respiratory activity creates a low
local oxygen concentration by generating a rapid flow of electrons from
NADH to the inner membrane respiratory complexes, creating a safe
environment for oxygen-sensitive enzymes. These respiratory complexes
decrease the oxygen concentration to limit its diffusion into the cytosol
where oxidative-sensitive processes such as iron-sulfur biosynthesis
occur. Consistent with this concept, cultures with excess iron showed
higher respiratory activity enabled by the higher iron-rich proteins of
the TCA cycle and the respiratory chain. However, this high-yielding
ATP metabolic strategy may have increased reactive oxygen species
generation [29]. To handle the increased reactive oxygen species, E. coli
with available iron increased the activities of superoxide, peroxidase,
and catalase (Fig. 3), by higher expression of Fe-SOD (SodB) and cata-
lase/hydroperoxidase HPI (KatG) (Supplementary Table 3).

E. coli cultures grown at excess iron upregulated the transcription
and translation of the CusCFBA copper/silver efflux system compared
with iron restricted cultures. Excess Fe (III) and oxidative stress block
the binding of CueR to the copA promoter and decrease the expression of
the primary copper detoxification system CopA, and at the same time
activate the secondary copper detoxification system CusCFBA [30]. In
this way, cultures at excess iron, whose respiration and reactive oxygen
species production is higher, induce the CusCFBA efflux system to lower
intracellular Cu(I) content [31]. It is therefore plausible that during iron
excess conditions, E. coli activates the CusCFBA copper efflux systems to
protect iron-sulfur cluster enzymes from elevated concentrations of
cellular copper ions [31]. This hypothesis is supported by the higher flux
of Fe?* through the iron-sulfur cluster repair system (FESR) predicted by
the metabolic flux analysis (Supplementary Table 5).

The cellular response to over oxygenation was different in excess and
in limiting iron conditions. When iron is available, over oxygenation
affects pathways of iron-sulfur cluster assembly, iron-sulfur proteins,
and anaerobic respiration of enzymes containing iron, possibly by the
accumulation of reactive oxygen species [29]. As a result, the expected
higher concentrations of the latter activate the transcription of the
oxidative stress insensitive nrdHIEF operon and the activity of peroxi-
dase and SOD (Fig. 3A, B). E. coli also activated the assembly of
iron-sulfur clusters by increasing the amount of cysteine desulfurase
(IscS), the scaffold protein (IscU), the iron chaperones (HscAB), the
ferredoxin (Fdx), and the DNA-binding transcriptional regulator IscR.
When iron was scarce, over-oxygenation induced biofilm formation and
biosynthesis of extracellular polysaccharides while repressing fatty acid
degradation (Supplementary Table 2), likely to reduce oxygen diffusion
into the cytoplasm, avoiding the detrimental effects of elevated oxygen
concentrations on the labile Fe?t pool [28].

Conclusion

In summary, when iron is available at moderate or at high oxygen-
ation, E. coli maintains high cellular energetics (5.8 ATP/mol of glucose)
by using pathways requiring iron-rich complex proteins found in the
TCA cycle and electron transport chain. Several iron-requiring terminal
reductases of the respiratory chain, that were considered to be

New BIOTECHNOLOGY 71 (2022) 11-20

anaerobic, are used in aerobic conditions with excess iron to keep high
respiratory activity. This high energetic state allows E. coli to produce
more biomass while investing some energy to repair iron-sulfur clusters
and deal with oxidative stress. When iron is limited, E. coli growing
aerobically reduces its respiratory activity and obtains needed energy
from fermentative metabolism.
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