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Physiological and Proteomic Analysis of Escherichia coli Iron-Limited
Chemostat Growth
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Iron bioavailability is a major limiter of bacterial growth in mammalian host tissue and thus represents an important area of
study. Escherichia coli K-12 metabolism was studied at four levels of iron limitation in chemostats using physiological and pro-
teomic analyses. The data documented an E. coli acclimation gradient where progressively more severe iron scarcity resulted in a
larger percentage of substrate carbon being directed into an overflow metabolism accompanied by a decrease in biomass yield on
glucose. Acetate was the primary secreted organic by-product for moderate levels of iron limitation, but as stress increased, the
metabolism shifted to secrete primarily lactate (~70% of catabolized glucose carbon). Proteomic analysis reinforced the physio-
logical data and quantified relative increases in glycolysis enzyme abundance and decreases in tricarboxylic acid (TCA) cycle en-

zyme abundance with increasing iron limitation stress. The combined data indicated that E. coli responds to limiting iron by
investing the scarce resource in essential enzymes, at the cost of catabolic efficiency (i.e., downregulating high-ATP-yielding
pathways containing enzymes with large iron requirements, like the TCA cycle). Acclimation to iron-limited growth was con-
trasted experimentally with acclimation to glucose-limited growth to identify both general and nutrient-specific acclimation
strategies. While the iron-limited cultures maximized biomass yields on iron and increased expression of iron acquisition strate-
gies, the glucose-limited cultures maximized biomass yields on glucose and increased expression of carbon acquisition strate-
gies. This study quantified ecologically competitive acclimations to nutrient limitations, yielding knowledge essential for under-
standing medically relevant bacterial responses to host and to developing intervention strategies.

daptation to nutrient limitation is a key driver of microbial

fitness in medical, environmental, and industrial contexts
(e.g., see references 1, 2, and 3). Nutrient-limited growth is fun-
damental to cellular biology, influencing (i) the elemental com-
position of microorganisms (4-7), (ii) the amino acid sequence of
nutrient transporters (4, 8), and (iii) the amino acid sequence of
highly expressed proteins (9). Iron-limited growth is of special
interest in medical and marine sciences, where it is central to bac-
terial pathogenesis and global nutrient cycling, respectively. Iron
is an essential nutrient for bacterial growth, with only rare docu-
mented exceptions (10, 11), and many naturally occurring envi-
ronments have low iron bioavailability. First, under neutral aero-
bic conditions, the dominant form of iron in aqueous solutions is
Fe(OH)s, which has an extremely low solubility, 107" to 107'° M
(12—-14). Secondly, in medical contexts, vertebrates use nutrient
sequestration to defend against bacterial colonization in a strategy
termed nutritional immunity (15-17); in fact, some pathogenic
bacteria have evolved to interpret iron scarcity as an indicator of
growth in a vertebrate host tissue and alter gene expression ac-
cordingly (18, 19).

Microorganisms have acquired strategies for acclimation to
low iron bioavailability. The most basic mechanisms include (i)
stockpiling iron when it is available in ferritin- or bacterioferritin-
based iron reserve complexes for use when iron is scarce (20) and
(ii) retrenchment, where physiological activities are reduced until
the iron scarcity is relieved (21). Bacteria also utilize high-affinity
siderophore-based iron capture methods, where low-molecular-
mass (<1.5-kDa) iron-binding molecules, having iron binding
constants on the order of 10%° to 10°° (22, 23), are secreted. When
iron is bound to these siderophores, high-affinity membrane
transporters (e.g., FepA, with an affinity constant for ferric entero-
bactin of <0.2 nM [24]) transport the iron into the microorgan-
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ism’s interior, where it is transferred to iron-trafficking proteins
(25-27). Additionally, prolonged iron scarcity on evolutionary
time scales can result in metabolic shifts toward enzymes that do
not require iron; this has occurred in some marine bacteria that
have adapted to the ocean’s iron scarcity by using flavodoxin-
based respiratory-chain enzymes instead of iron-containing ferre-
doxin-based enzymes (28).

Chemostat cultivation has aided the investigation of microbial
responses to nutrient limitation (29). Chemostats are steady-state
bioreactors where fresh medium addition is balanced exactly by
removal of working medium. The design permits control of cul-
ture growth rates and establishment of reproducible growth con-
ditions that can be limited by a single nutrient. Additionally, che-
mostat cultivation simplifies the analysis and quantification of
physiological properties like biomass and metabolic by-product
yields (e.g., see references 30 and 31) by avoiding some of the
complexities of batch growth, such as time-dependent changes in
biomass and metabolite concentrations, as well as changes in the
type and severity of culturing stresses.

Two-dimensional electrophoresis (2-DE) is a powerful tech-
nique for separating complex protein mixtures (32) which is often
combined with mass spectrometry and sequence database
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searches to identify proteins (33). The use of 2-DE-based pro-
teomics to study E. coli is a mature field, with many studies detail-
ing culturing condition-dependent protein abundance patterns
(e.g., see references 34, 35, 36,37, and 38). Combining the defined,
reproducible steady-state chemostat culturing conditions with
2-DE proteomics is especially powerful for discovering microbial
metabolic responses to stresses. For instance, this combination of
methods has been used to study the E. coli response to carbon
limitation (39), heat shock (36), and phage predation survival
(40).

The study of nutrient limitation and its effects on microbial
metabolism is an active area of research because of its central role
in microbial proliferation, survival, and evolution, but many gaps
in knowledge remain, even for the model organism E. coli. Batch
growth studies of E. coli under iron-limited conditions are few and
are limited to measuring non-steady-state physiological responses
(20, 41, 42), while the two chemostat studies involving iron limi-
tation did not examine acclimations to gradients of nutrient lim-
itation (43, 44). E. coli proteomics studies of iron-limited condi-
tions are also few and are focused solely on membrane protein
fractions and from non-steady-state batch cultivation (43, 44).
The present study is the first to quantify the physiological and
proteomic responses of E. coli to a gradient of rigorously defined,
steady-state, iron-limited chemostat growth conditions without
the complicating aspects associated with chelation agents like
EDTA.

The iron availability gradient tested growth conditions from mod-
estto extreme iron limitation and was contrasted experimentally with
a glucose-limited gradient. Microbial responses to nutrient limitation
change in response to the type and degree of scarcity, as measured via
shifts in metabolic by-products and protein abundance. This study
reveals a physiological continuum of metabolic acclimations, provid-
ing fundamental insight into ecologically competitive responses to a
range of growth-limiting nutrient stresses relevant to medical infec-
tions. The data are consistent with cellular economy theories that
study microbial acclimation to nutrient limitation via the competi-
tive investment of limiting resources like iron or carbon into essential
metabolic pathways at the cost of catabolic efficiency (45-49).

MATERIALS AND METHODS

Strain and growth media. All experiments used wild-type E. coli K-12
substrain MG1655. Aliquots (1.8 ml) of E. coli MG1655 were stored at
—80°C in 25% glycerol.

All experiments used M9 minimal medium with 2X standard phos-
phate concentrations for added buffering capacity (84.5 mM Na,HPO,,
44.1 mM KH,PO,, 8.6 mM NaCl, and 18.7 mM NH,Cl) at pH 7.0 * 0.05
(50). After the base M9 medium was autoclaved, 1 ml/liter of magnesium
chloride solution (1 M MgSO, - 7H,O; final concentration, 1 mM), 10 ml
liter ! of trace element stock [0.55 g liter ' CaCl,, 0.1 g liter ' MnCl, -
4H,0, 0.17 g liter ' ZnCl,, 0.043 g liter ' CuCl, - 2H,0, 0.06 g liter '
CoCl, - 6H,0, 0.06 g liter ' Na,MoO, - 2H,0, 0.06 g liter '
Fe(NH,),(SO,), - 6H,0, 0.2 g liter ! FeCl, - 6H,0; adjusted to a pH of
<1 with HCl], and glucose were added. The iron-limited chemostat me-
dium had a final glucose concentration of 0.028 mM (5 g liter "), while
the glucose-limited chemostat medium had a final glucose concentration
of 2.2 mM (0.4 g liter ™").

Modifications in culture medium were required for iron-limited
growth at chemostat dilution rates of 0.1 and 0.2 h™'. High organic acid
production necessitated reformulation of the medium to maintain a neu-
tral pH at steady state. The phosphate salt concentrations were changed to
103.5 mM Na,HPO, and 25.4 mM KH,PO,. This medium had a starting
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pH of 7.35 = 0.05 and the total concentration of phosphate described
above.

To create iron-limiting conditions, contaminating iron was removed
from all items in contact with the culture and medium by immersion for
>18 h in 2% hydrochloric acid, followed by a thorough rinsing with
Nanopure water (17.8 M{}/cm). Iron was omitted from the trace element
mix and iron was removed from medium components using 125 g of
Chelex 100 resin (Sigma, St. Louis, MO) packed into a 25-mm by 500-mm
column (catalog no. K420401-2550; Fisher Scientific, Pittsburgh, PA).
Medium components were pumped through the column at a flow rate of
4 cm min™'. Concentrated glucose solutions (700 g/liter) were passed
through the Chelex 100 column once, resulting in a final concentration of
approximately 400 g/liter after a column rinse step (the exact concentra-
tions were measured via HPLC). The magnesium chloride solution (1 M
MgSO, - 7H,0) was passed once over 25 g of the magnesium form of the
Chelex 100 resin. The trace element mix was not treated with the Chelex
100 column. The M9 base was mixed at 10X the working concentration,
passed repeatedly through a freshly regenerated column of Chelex 100
until no further iron removal could be achieved (3 passages), and then
diluted to 1X (~5-fold dilution because of Chelex column rinses). The
resulting iron-limiting M9 medium contained iron at concentrations
comparable to that in Nanopure water (17.8 M{)/cm) (based on the iron
assay described below). A 0.022 wM concentration of iron was added to
the iron-limited M9 medium prior to use.

Determination of iron levels by inductively coupled plasma mass spec-
trometry (ICP-MS) was not effective due to phosphate interference;
therefor, iron removal was monitored using a Ferene-based assay adapted
from the work of Riemer et al. (51). Ferene was substituted for ferrozine to
improve sensitivity. Briefly, the iron detection reagent consisted of 6.5
mM Ferene, 6.5 mM neocuproine hemihydrate, 2.5 M ammonium ace-
tate, and 1 M ascorbic acid. The iron measuring protocol consisted of
adding 100 pl of iron detection reagent to 1 ml of test solution; absorbance
at 593 nm was determined after 30 min at room temperature. An identi-
cally treated Nanopure water sample was used for blanking (17.8 M€}/
cm). For glucose and magnesium solutions, iron was not detectable com-
pared to the Nanopure blank. For the concentrated M9 base medium,
Aso; measurements of 0.00 = 0.002 units were typical. Standard iron
curves were constructed using the Fluka analytical iron standard for
atomic absorption spectroscopy (AAS) (Sigma, St. Louis, MO). The de-
tection limit of the assay was approximately 0.01 to 0.02 wM, meaning
that the final M9 medium, after full dilution and before addition of iron
salts, had a residual iron concentration <0.005 wM.

Chemostat operation. Nutrient stress severity was controlled using
classic chemostat theory. Decreasing the chemostat dilution rate lowers
the steady-state concentration of the growth-limiting substrate, increas-
ing nutrient limitation stress (52, 53) (see the supplemental material for
further discussion). Chemostats with 300 ml of medium were inoculated
with 450 pl of E. coli K-12 MG1655 freezer stock and incubated without
flow for at least 6 h of growth at 37°C until the reactors were turbid. The
reactors were operated at four dilution rates (0.4, 0.3, 0.2, and 0.1 h™h
under glucose- or iron-limiting conditions. Reactors were sparged with
filter-sterilized air at 1 liter per minute and stirred at 250 rpm (LabDisc
S1). Ambient air was humidified by preliminary sparging through sterile
37°C Nanopure water in order to prevent evaporation and the associated
cooling in the reactors. A time course analysis of feed carboy medium iron
concentrations revealed iron settled out of solution; continuous stirring of
feed carboys alleviated this problem, as determined by the Ferene-based
iron assay. Chelators, like EDTA, were not used to avoid confounding
competition effects between cell receptors, siderophores, and chelating
agents. The pH was monitored offline and maintained at 7.0 = 0.2 during
steady-state growth using the previously described 2X phosphate buffer
concentrations. Chemostats were operated until cultures reached steady
state, defined as at least three consecutive measurements of optical density
at 600 nm (ODy,) (£~10% or less) for 2 to 3 residence times (residence
time = 1/dilution rate). The different nutrient limitations and different
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dilution rates took different numbers of residence times to achieve steady
state based on this definition (6 to ~17 residence times). All experiments
were kept to fewer than 20 total residence times to minimize the effect of
genetic mutations on results. Each steady-state culture had at least 3 cul-
turing samples collected over 2 to 3 residence times. Biomass samples for
proteomics analysis were harvested from reactors at the conclusion of
each experiment. At least three separate chemostats were grown to steady
state and sampled for each combination of nutrient limitation and dilu-
tion rate.

Culture analysis. The coefficients 0.48 = 0.02 and 0.50 £ 0.03 g cells
(dry weight)/liter/ODy, unit were found to correlate cell dry weight to
optical density for iron- and glucose-limited growth, respectively. Con-
centrations of glucose and cellular by-products (pyruvate, succinate, lac-
tate, formate, and acetate) were determined using an Agilent 1200 series
high-performance liquid chromatograph (HPLC) equipped with an
Aminex HPX-87H column (Bio-Rad, Hercules, CA). The column was
operated at 0.6 ml/min with a 0.005 M H,SO, mobile phase, and the
column temperature was set for each run to maximize the resolution of
analytes (25 to 50°C). Glucose was detected with a refractive index detec-
tor, and organic acids were detected by a variable-wavelength detector set
at 210 nm. Ammonium concentrations were measured using the Berth-
elot reaction (54, 55), adjusted to a microplate format. Levels of excreted
enterobactin were analyzed using the chrome azurol S (CAS) assay, which
measures competitive iron-binding capacity, a proxy for siderophores
(56). DASGIP off-gas analysis of carbon dioxide and oxygen (Eppendorf,
Hauppauge, NY) was attempted, butlow cell densities and high chemostat
sparge rates prevented meaningful measurements of changes in these vari-
ables.

Protein extraction. At the conclusion of the steady-state experiment,
the reactors were placed on wet ice and the entire reactor contents were
transferred to prechilled 50-ml conical tubes on wet ice. Cells were pel-
leted at 3,220 X g and 4°C for 30 min (Eppendorf 5810R; Eppendorf,
Hauppauge, NY), washed three times in ice cold wash buffer (10 mM Tris,
5 mM magnesium acetate [pH 8.0]), and frozen at —80°C until lysis. The
cells were resuspended in 1 ml of ice-cold lysis buffer (30 mM Tris, 140
mM NaCl) with added protease and phosphatase inhibitors (cOmplete
Mini and PhosSTOP; Roche Applied Science, Indianapolis, IN), and son-
icated on ice ata setting of 2.5, for 4 rounds of 15 1-s bursts, with 1 min rest
on ice between rounds (Sonic model 100 dismembrator; Fisher Scientific,
Pittsburgh, PA; ultrasonic converter with microtip; Misonix Inc., Farm-
ingdale, NY). The suspensions were frozen and thawed after the 4th
round, followed by a 5th round of sonication.

A membrane protein enriched fraction was prepared, by centrifuga-
tion (100,000 X g and 4°C in a Beckman Optima ultracentrifuge for 45
min), and the supernatant was used as the cytosolic fraction. The pellet
was resuspended in 800 pl of 30 mM Tris (pH 8.5) and repelleted as
before. This washed membrane pellet was resuspended in 1 ml of mem-
brane rehydration buffer (30 mM Tris, 7 M urea, 2 M thiourea, 4%
CHAPS, 1% ASB-14 [pH 8.5]). The protein in the cytosolic fractions was
precipitated with 10 volumes of cold acetone (—20°C) and kept overnight
in acetone at —80°C. The protein was pelleted at 3,220 X g and 4°C for 1
h, air dried, and resuspended in cytosolic rehydration buffer (30 mM Tris,
7 M urea, 2 M thiourea, 4% CHAPS [pH 8.5]). All protein fractions were
quantified by a modified Bradford assay (Bio-Rad, Hercules, CA) using
bovine IgG standards and stored at —80°C until labeling.

Multiplex 2-dimensional gels. Zdyes (JAV 1131 red fluorophore, JAV
I 187 blue fluorophore, and BDR I 227 green fluorophore) (Zdye, LLC,
Gallatin Gateway, MT) were used to differentially label proteins (57, 58)
for 2-dimensional gel electrophoresis gels. Briefly, 100 g of protein was
diluted to 20 i (5 pug/pl) with appropriate rehydration buffer and 2 l of
Zdye (0.4 nmol/pl in dry dimethylformamide) was added to each protein
aliquot. Labeling was allowed for 30 min at room temperature in the dark
and quenched with the addition of 1 pl of 10 mM lysine for 10 min. Three
protein aliquots were combined, each with different Zdye fluorophores,
and brought to 450 wl in rehydration buffer with 43 mM dithiothreitol
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and 0.5% IPG buffer. These combined labeled samples were loaded onto
IPG strips (24 cm Immobiline DryStrips with a nonlinear pH range of 3 to
11; GE Healthcare).

IPG strips were passively rehydrated for 18 h in the dark at room
temperature, loaded onto an IPGphor 3 isoelectric focusing (IEF) system
(Ettan; GE Healthcare Life Sciences, Piscataway, NJ), and subjected to the
IEF schedule described in Table S1 in the supplemental material. After
IEF, the strips were frozen at —80°C until equilibration, reduction, and
alkylation. Strips were reduced with 130 mM dithiothreitol (DTT) in 7 ml
of equilibration buffer (1.5 M Tris [pH 8.8], 6 M urea, 30% [vol/vol]
glycerol, and 4% SDS [wt/vol]) for 15 min. Following reduction, the strips
were alkylated with 508 mM iodoacetamide for 15 min in 7 ml of equili-
bration buffer. Reduction and alkylation were performed at room tem-
perature in the dark on an orbital shaker.

Gradient gels (1.5 mm thick) were cast in an Amersham 24-cm casting
chamber, 9.5% to 16% acrylamide gels were used for the membrane frac-
tions, and 9.5% to 18% gels were used for the cytosolic fractions. Strips
were loaded onto gels and sealed with 0.5% agarose containing 1.4% (vol/
vol) thioglycolate solution (10% [vol/vol] thioglycolate, 5% [vol/vol]
B-mercaptoethanol, 21.2% [wt/vol] Tris) and bromophenol blue. Elec-
trophoresis proceeded in the dark at 3 W per gel until the bromophenol
blue dye front exited the gel. Gel images were acquired using a Typhoon
Trio gel scanner (GE Healthcare Life Sciences, Piscataway, NJ) at a
200-pm resolution, using a photomultiplier tube (PMT) voltage suffi-
cient to scan each Zdye in the gels at just below the threshold of pixel
saturation. After scanning, the gels were fixed (10% [vol/vol] methanol,
7% [vol/vol] acetic acid) for 24 h and washed thoroughly with Nanopure
water. Gels were sealed in polyethylene bags and stored at 4°C until spot
picking.

Protein spot picking. Gels were stained with blue silver (59), and spots
were cut by hand. The gel pieces were destained (25 mM NH,HCOs, 50%
[vol/vol] acetonitrile) twice for 30 min with vortexing and dried com-
pletely in a SpeedVac, followed by rehydration with 20 pl Promega Tryp-
sin Gold (12.5 ng/pl, in 25 mM NH,HCO;, 10% [vol/vol] acetonitrile
[pH 8.0]) onice for 30 min. After rehydration, excess liquid was removed,
and the gel pieces were covered with 25 mM NH,HCOj;, 10% (vol/vol)
acetonitrile (freshly adjusted to pH 8.0) and incubated at 37°C overnight.

To recover the peptides, 100 pl of Nanopure water was added to the
excised gel pieces after digestion and vortexed for 10 min, followed by 5
min in a sonication bath. This first extract was transferred to a new tube
containing 10 pl of extraction solvent (50% [vol/vol] acetonitrile, 5%
[vol/vol] formic acid). The gel pieces were then covered with fresh extrac-
tion solvent, vortexed, and sonicated as before. A third extraction was
carried out in extraction buffer without sonication. The extracted samples
were combined, reduced to a volume of about 20 pl by SpeedVac, and
frozen at —80°C until analysis by mass spectrometry.

Mass spectrometry. An Agilent 6520 accurate-mass quadrupole-time
of flight (Q-TOF) chip liquid chromatography-mass spectrometry (LC-
MS) system (Agilent Technologies, Santa Clara, CA) was used to identify
proteins. The chromatography was performed on an Agilent ProtID-
Chip-150 II (G4240-62006) with a 150-mm-long separation column
(Agilent Technologies, Santa Clara, CA). Ions were acquired in positive
mode, with automatic tandem MS (MS/MS). Solvents were water and
acetonitrile, each containing 0.1% formic acid, and the organic frac-
tion was increased linearly from 5% to 75% over 18 min and held at
75% for 9 min.

Mass spectrometry results were exported in mzData format and sub-
mitted to the MASCOT web server maintained by Matrix Sciences. The
Swiss-Prot and NCBI nonredundant (nr) databases were searched based
on theoretical tryptic digests with up to 3 missed cleavages, and taxonomy
was restricted to E. coli. The variable protein modifications accounted for
were carbamidomethylation of cysteine, asparagine and glutamine (NQ)
deamidation, and oxidation of methionine. Peptide and MS/MS toler-
ances were set initially at =50 ppm and *0.2 Da, respectively, and tight-
ened if necessary to achieve a <0.005% false detection rate (FDR) from
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FIG 1 Steady-state chemostat E. coli cell density (g of cells [dry weight]/liter)
as a function of iron added to glucose M9 minimal salts medium. Each circle
represents a single biological replicate, i.e., a distinct chemostat experiment.
The dashed vertical line (at 0.022 wM) represents the concentration of iron in
the basal medium used for all subsequent iron-limited experiments. Chemo-
stat dilution rate and specific growth rate are equivalent at steady state. CDW,
cell dry weight.

the automatically generated inverse decoy database. Peptide matches were
monoisotopic and allowed for charges of +1, +2, and +3. Proteins were
considered identified if the FDR was <0.005% and there was at least one
peptide with an expect score of <0.05. The supplemental material con-
tains the results from MASCOT for the identified protein spots.

Protein abundance statistics. Chemostat cultures were operated un-
der iron and glucose limitation at four different dilution rates (0.1, 0.2,
0.3,and 0.4 h™ ). Each of these eight distinct conditions was run in trip-
licate. Cytoplasm- and membrane-enriched protein from each indepen-
dent triplicate was extracted. Three aliquots were taken from each of these
48 protein samples (eight conditions, triplicate experiments, and two pro-
tein fractions), and each aliquot was labeled with one of the three Zdye
labels. Protein from iron-, glucose- and ammonium-limited samples
grown at the same dilution rate and stained with compatible Zdye labels
were separated on the same gel (ammonium limitation is not discussed
here). The gels were scanned three times, once for each specific Zdye label.
Typhoon imaging of the gels resulted in grayscale TIFF images of spots
labeled with each Zdye label. The number of gel images for each of the 8
culturing conditions is indicated in the supplemental material; some con-
ditions included more images. Images were loaded into Progenesis Sames-
pots (v. 3.0.2966.28996) as a single-color experiment for alignment of gels
and statistical analysis of the spot volumes. After alignment, only spots
that yielded distinct mass spectrometry identifications and alignments
were analyzed by Progenesis statistics (n = 211). Relevant groupings and
pairwise-comparison groups were designed, and Progenesis statistics
were run on these groups. This process was performed separately for the
cytoplasmic and membrane protein fractions. All spot volume data from
Progenesis and complete Progenesis statistics can be found in the supple-
mental material.

RESULTS

Establishing iron-limited chemostat growth. A series of chemo-
stat experiments with successively lower medium iron concentra-
tions was performed to validate iron-limited growth conditions.
Extensive purification of the media and reactor components was
required to establish iron-limited conditions. Figure 1 shows the
steady-state chemostat cell density (g cell [dry weight]/liter) as a
function of medium iron concentration. At iron concentrations
below 0.5 wM, the cultures demonstrated iron-limited growth, as
illustrated by the decreasing steady-state cell concentration. For
these conditions, the chemostat effluent iron concentration was
below the detection limits of the Ferene-based method (51).
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FIG 2 (a) Steady-state siderophore effluent concentrations based on the CAS
competitive iron binding capacity assay as a function of chemostat dilution
rate and limiting nutrient. Error bars show standard errors of the mean (SEM;
n =4, exceptn = 3 for 0.1 h™! Fe-limited cultures). (b) Biomass per iron yield
for the iron-limited cultures as a function of chemostat dilution rate. Data are
means and SEM for three biological replicates. CDW, cell dry weight.

Analysis of iron-limited growth. A medium iron concentra-
tion of 0.022 wM, which resulted in a steady-state cell density
equivalent to an ODgq, of ~0.3 to 0.4, was used for all further
reported studies. Iron-limited cultures at four dilution rates (D;
0.4,0.3,0.2, and 0.1 h™") were compared to glucose-limited cul-
tures at the same dilution rates. Glucose-limited reactors were
constrained to the same ODy, range using 0.4 g/liter glucose in-
stead of the 5 g/liter glucose used for iron-limited experiments.
Low cell densities were selected to prevent oxygen transfer limita-
tion during chemostat experiments.

Iron-limited chemostat effluent was analyzed for glucose and
ammonium; residual concentrations verified the cultures were
not limiting for the nutrients. Analysis of glucose-limited reactor
effluents for iron and ammonium verified that the cultures were
not limiting for the nutrients.

Siderophore analysis and biomass yield on iron. The relative
concentration of siderophore was measured using the chrome
azurol S (CAS) competitive iron-binding capacity assay (56) (Fig.
2a). E. coli K-12 produces only one siderophore, enterobactin;
therefore, assay results were assumed to be a result of secreted
enterobactin (60). Values in Fig. 2a are plotted with respect to the
difference in absorbance measurements between medium and ef-
fluent and reflect qualitative trends in siderophore concentra-
tions. Iron-limited cultures had higher steady-state siderophore
concentrations than glucose-limited cultures. The magnitude of
siderophore concentration increased with decreasing dilution rate
until 0.2 h™". A decrease in dilution rate translated into a lower
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FIG 3 (a) Biomass yield on glucose (Yy/qc) as a function of chemostat dilution
rate and limiting nutrient. Data are means and SEM; n = 4. Biomass carbon
composition was obtained from experimental CHNO elemental analysis. (b)
Steady-state specific glucose uptake rate as a function of chemostat dilution
rate and limiting nutrient. Data are means and SEM; n = 4. CDW, cell dry
weight.

steady-state iron concentration and therefore increased nutrient
limitation stress; steady-state siderophore concentrations were a
balance between synthesis and loss in the effluent (the relevant
theory is presented in the supplemental material). Consistent with
previous research, glucose-limited cultures had a higher-than-
background siderophore concentration for the lower dilution
rates (61).

Biomass yield on iron was calculated for the iron-limited cul-
tures (Fig. 2b). The data show a trend toward more efficient use of
iron (as defined by g cells produced per g iron assimilated) with
increasing iron scarcity. When the iron limitation stress increased
from a dilution rate of 0.4 to 0.2 h™ !, the biomass yield on iron
increased (i.e., less iron per g of cells). The trend then declined
slightly between dilution rates of 0.2 and 0.1 h™'. The biomass
iron content is approximately one-half the levels reported previ-
ously for iron-limited batch E. coli growth (20). Contaminating
iron found in medium components, cell pellet rinse solutions, and
reactor equipment prevented similar yield calculations from being
performed for the glucose-limited cultures.

Biomass yields on glucose and specific glucose uptake rates.
Two important physiological parameters associated with glucose
metabolism, biomass yield on glucose and specific glucose uptake
rate, are plotted in Fig. 3. Culture biomass yields on glucose
(Cmole biomass/Cmole glucose, where Cmole is carbon moles)
were a function of dilution rate and nutrient limitation (Fig. 3a).
Biomass per glucose yields for the iron-limited cultures decreased
with decreasing dilution rate (i.e., more severe nutrient limitation
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stress). The iron-limited conditions created higher levels of appar-
ent nutrient stress than the glucose-limited condition at the same
dilution rate. The iron-limited culture biomass per glucose yield
was also more sensitive to decreases in dilution rate, as repre-
sented by the larger slope; relatively small changes in dilution
rate resulted in large changes in stress. Under glucose limita-
tion, E. coli converted the scarce resource glucose into biomass
more efficiently than with iron-limited growth at each dilution
rate (Fig. 3a).

Figure 3b plots culture-specific glucose consumption rates as a
function of nutrient limitation and chemostat dilution rate. Spe-
cific glucose uptake rates increased in the iron-limited cultures
with decreasing dilution rate (equivalent to specific growth rate).
This is in contrast to the glucose-limited conditions, where the
specific glucose consumption rate decreased with decreasing dilu-
tion rate. Biomass per glucose yield and specific glucose uptake
rate are related via the culture growth rate (the theory can be
found in the supplemental material).

Metabolic by-product profiles. E. coli has a flexible central
metabolism, capable of a wide variety of fluxes which balance
cellular mass, energy, and electron pools as a function of nutrient
stress (39,45, 46). Profiles of by-product yield per glucose changed
significantly with both dilution rate and nutrient limitation (Fig.
4). Figure 4 plots the fraction of metabolized glucose carbon that
was partitioned to acetate, lactate, pyruvate, and formate. Succi-
nate was measured, but concentrations were low and are not in-
cluded in Fig. 4 (data can be found in the supplemental material).
Neither ethanol nor citrate was observed during HPLC analysis of
culture effluent. The decrease in biomass per glucose yield (Fig.
3a) corresponded to an increase in organic by-product secretion,
predominantly lactate. Iron-limited cultures grown at a dilution
rate of 0.4 h™' secreted primarily acetate (~25% of consumed
glucose carbon) (Fig. 4a). With decreasing dilution rate, the by-
product profile shifted; the fraction of glucose carbon secreted as
acetate decreased, while the fraction of glucose carbon secreted as
lactate and pyruvate increased (Fig. 4b and c). At a dilution rate of
0.1 h™', approximately 70% of the glucose carbon was secreted as
lactate. Iron-limited growth (as well as severely glucose-limited
growth) also produced measurable formate (Fig. 4d). While often
associated with anaerobic growth, the secretion of formate under
aerobic conditions has been reported previously (62, 63). The
measured biomass and by-products accounted for ~80% of the
iron-limited cultures’ carbon and electrons at D of 0.1 h™' (see
Table S2 in the supplemental material).

Glucose-limited cultures, with their higher biomass-per-glu-
cose yields, did not produce appreciable amounts of reduced car-
bon by-products (except for formate at a D of 0.1 h™'). The glu-
cose was either fully oxidized to carbon dioxide or incorporated
into biomass. Published studies have reported that oxygen-lim-
ited E. coli cultures secrete reduced carbon by-products, like ace-
tate (64, 65). The data presented here show no acetate production
under glucose limitation, suggesting that oxygen was not limiting
under any of the examined glucose-limited growth conditions.
Specific oxygen consumption rates were calculated for all culture
conditions using electron balances (see Table S2 in the supple-
mental material). The calculated specific oxygen consumption
rate ata D of 0.1 h™' for the glucose-limited culture was ~4-fold
lower than that at a D of 0.4 h™%; the observed formate secretion at
aDof0.1 h™ ' was the result of a metabolic acclimation to limiting
glucose, not oxygen limitation. Interesting, while the oxygen per
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FIG 4 Culture by-product carbon yields (a) acetate, (b) lactate, (c) pyruvate, and (d) formate as a function of dilution rate and culture conditions. Data are means

and SEM; n = 4.

Cmole of glucose yields for the iron-limited cultures were approx-
imately half that of the glucose-limited cultures, the calculated
specific oxygen consumption rates for the iron-limited cultures,
with their high by-product yields, were as high as those in the
carbon-limited cultures (see Table S2 in the supplemental mate-
rial). This was the result of the increasing specific glucose uptake
rate with decreasing dilution rate (Fig. 3b); similar behavior was
observed previously for ammonia-limited E. coli growth (66). Ad-
ditional presentations of the physiological data can be found in
Table S2 in the supplemental material.

Proteomic analysis. Proteomic analysis of chemostat cell pel-
lets was performed in conjunction with the physiological analysis.
Cell pellets were fractionated into cytoplasmic and membrane
samples, labeled with Zdye, and separated using differential 2-di-
mensional gel electrophoresis. Figure S1 in the supplemental ma-
terial shows representative cytosolic and membrane protein gels,
respectively, from iron- and glucose-limited chemostat cultures.
A number of the identified protein spots are labeled for orienta-
tion and mapping purposes.

A total of 624 protein spots were distinguished in the mem-
brane fractions and 896 protein spots in the cytoplasmic fractions
based on Typhoon Trio image analysis of Zdye-labeled proteins.
Table 1 lists the number of protein spots (including unidentified
spots) that had more than a 2-fold spot intensity change across the
conditions tested. Protein abundance differences between iron-
and glucose-limited conditions were greatest at the lower dilution
rates.

All protein spots visible on blue silver-stained 2-dimensional
gels were manually excised and analyzed via mass spectrometry
(MS) for identification. Manual visual analysis of blue silver-
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stained gels was less sensitive than the Typhoon Trio-based imag-
ing of the Zdye-labeled gels. One hundred protein spots from the
membrane fractions and 111 protein spots from the cytoplasmic
fractions were identified via MS. Twenty-two spots from the
membrane fractions and 24 spots from the cytoplasmic fractions
contained MS peptide signatures from more than one protein.
Considering identified proteins from both fractions (211 total
proteins), 81.9% of the proteins demonstrated an abundance
change of 2-fold or more for at least one of the pairwise compar-
isons (80% membrane, 83% cytoplasmic).

Numerous proteins were found in more than one location on

TABLE 1 Two-way comparisons for the total number of protein spots
with >2-fold changes in abundance, considering all detected spots for
iron (Fe)- and glucose (Glc)-limited chemostat growth

No. of spots in:

Membrane fraction Cytoplasmic fraction

Comparison Increase  Decrease  Increase  Decrease
Fe0.1h 'vsGlc0.1h™! 62 105 85 113
Fe0.2h 'vsGlc0.2h™! 88 82 84 93
Fe03h 'vsGlc0.3h™' 46 63 32 66
Fe0.4h 'vsGlc0.4h™! 63 64 33 64
Fe0.1h 'vsFe0.4h™* 51 48 60 77
Fe02h 'vsFe0.4h™' 51 69 63 87
Fe0.3h 'vsFe0.4h™! 14 24 26 30
Glc0.1h 'vsGlc0.4h™! 87 55 81 87
Glc02h 'vsGlc0.4h™' 57 83 75 101
Glc03h 'vsGlc0.4h™! 27 16 30 23
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the gels and were believed to represent protein isoforms with dif-
ferent posttranslational modifications likely used to modulate en-
zyme activity as a function of environmental cues (see Tables S3
and S4 in the supplemental material). For the cytosol fractions, 30
of 71 identified proteins had isoforms in more than one spot,
while 27 of 107 proteins from the membrane fractions were found
in more than one spot. The supplemental material provides an
explicit accounting of all measured protein isoforms, MASCOT
protein identification data, dilution rate- and nutrient limitation-
based abundance profiles with results of statistical analysis, and a
heat map of all identified proteins with hierarchical clustering.

Central metabolism protein abundance during iron-limited
growth. Isoforms of key enzymes in the glycolytic pathway were
upregulated under iron-limiting conditions, including at least one
isoform of glyceraldehyde 3-phosphate dehydrogenase (GapA),
phosphoglycerate kinase (Pgk), enolase (Eno), and pyruvate ki-
nase (PykF), as well as the formate-producing pyruvate formate
lyase (PfIB) (Tables 2 and 3). For instance, the membrane isoform
of GapA (ID 0261) was 2- to 3-fold higher (P < 1.1 X 107'¢)
during iron-limited growth at all dilution rates than under glu-
cose-limited conditions. Protein levels for the cytoplasmic iso-
form of GapA (eID 1343) increased with decreasing dilution rate
during iron-limited growth; protein levels were 3-fold higher (P <
1.1 X107 "% ata D of 0.1 h™' than 0.4 h™' and were 2-fold higher
(P < 0.03) under iron limitation at a D of 0.1 and 0.2 h™' than
those during glucose-limited growth. Pgk (eID 0666), found in the
membrane fractions, was expressed at 2- to 4-fold higher levels (P
< 0.01) under iron limitation than glucose limitation for all dilu-
tion rates. Two isoforms of Eno were found in the membrane (eID
1247 and ID 0145); levels of eID 1247 were 1.8- to 5.7-fold greater
under iron limitation (P < 1.1 X 107'¢). PykF (eID 0967) was
found in the cytoplasmic fraction and was upregulated 2.5-fold
under iron limitation at 0.1 h~ ' (P < 1.1 X 10~ '°). PAIB (ID 0200)
was expressed at higher levels during iron limitation at all dilution
rates except 0.1 h™'. These observed trends were for selected iso-
forms; each protein had additional isoforms. Complete isoform
data and results of statistical analyses can be found in Tables S3
and S$4 in the supplemental material.

Abundance ofkey tricarboxylic acid cycle (TCA) enzymes con-
trasted sharply with abundance of glycolytic enzymes under iron-
limited growth. Citrate synthase (GltA; eID 2245) abundance was
down 3-fold (P < 1.1 X 10~ '°) at all dilution rates under iron-
limited growth compared to glucose-limited growth. The mem-
brane and cytosolic succinyl-CoA synthetase (SucD; eID 0852 and
0568) had protein abundance levels that were down 4- to 5-fold
during iron limitation (P < 1.1 X 10 '°) at all dilution rates. The
data were indicative of reduced flux through the TCA cycle under
iron-limited conditions. The abundance of aconitase B (AcnB)
increased sharply at lower dilution rates for both iron- and glu-
cose-limited cultures. The AcnB abundance increased 2.2-fold
fromaDof0.4h™'to 0.1 h™' for iron-limited growth (P < 1.1 X
10~ '°) and increased 2-fold froma D of 0.3 h ™! to 0.1 h ™! for the
glucose-limited cultures (P < 0.02). The iron-limited cultures had
higher AcnB abundance than the glucose-limited culturesata D of
0.2 h™" and 0.1 h™", while there was no statistically significant
difference at the other dilution rates.

A few enzymes from the electron transport chain were identi-
fied from the 2-dimensional gels (see the supplemental material).
Alternative quinone oxidoreductase (Qor; eID 0592) was ex-
pressed at 2-fold-higher levels (P < 0.01) under iron limitation at
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all dilution rates except 0.2 h™'. The quinone oxidoreductase
(WrbA) membrane isoform (eID 0824) was expressed at levels
2-fold lower (P < 1.1 X10~ '®) than under glucose-limited condi-
tions at dilution rates of 0.3 to 0.4 h™'. The WrbA cytoplasmic
isoform (eID 0443) did not show significant differences between
nutrient limitations except at D of 0.1 h™".

Many enzymes associated with oxidative stress and oxygen
radicals were also generally downregulated under iron limitation
compared to glucose-limited growth, including superoxide dis-
mutases (Sod). SodA (eID 1676) protein levels decreased 2-fold
(P < 1.1 X10~'®) under iron-limiting conditions ata D of 0.1 h ™"
compared to the glucose-limited culture, and SodB (eID 0099)
protein abundance was 3-fold lower (P < 1.1 X 10~ '¢) under iron-
limiting conditions at all dilution rates except 0.4 h~' than during
glucose-limited growth. The DNA-binding protein Dps isoforms
(ID 0571 and eID 2195), which have a role in anti-oxidative stress,
had protein abundance levels 2- to 5-fold lower (P < 1.1 X10~'¢)
under iron-limited conditions than glucose-limited conditions at
a D of 0.1 h™". Glutamate decarboxylase (GadAB) was found in
the membrane and the cytoplasmic fractions. The membrane iso-
form of GadAB (eID 0742) had protein levels 2- to 3-fold higher
during iron-limited growth from a D of 0.2 to 0.4 h™". The cyto-
plasmic isoform (eID 0915) had significantly higher protein levels
onlyata D of 0.2 h™" (2-fold; P < 1.1 X 107'°). GadAB diverts
glutamate from an anabolic central metabolism role to an acid
stress response role and was likely expressed as a protective mech-
anism to counter the high concentration of secreted organic acids
(67). Similar responses have been observed during phosphate-
limited growth, which also produces large amounts of organic
acids (68).

Iron acquisition-related protein abundance. Iron-limited
growth increased abundance of a number of iron acquisition-re-
lated proteins. Two isoforms of the membrane portion of the en-
terobactin transporter, FepA, were identified. Abundance of the
FepA isoform eID 1274 demonstrated a strong increase under
iron-limited conditions. The protein levels increased 10-fold from
aDof0.4to0 0.1 h™' and were up to 17-fold greater (P < 1.1 X
107'%) than under glucose-limited growth at the same dilution
rate. Alternatively, the abundance of the FepA isoform eID 1207
increased with decreasing dilution rate under both nutrient-lim-
ited conditions (P < 0.02); protein levels increased 4-fold more
under glucose limitation and 1.5-fold under iron-limiting condi-
tions between a D of 0.4 and 0.1 h™'. Ata D of 0.1 h™', the abun-
dance of FhuA (a subunit of the ferrichrome transporter) was
2.1-fold higher for the iron-limited cultures than the glucose-lim-
ited cultures at the same dilution rate. FhuA abundance increased
2.5-fold under iron-limited growth froma D of 0.3h™ ' to 0.1 h™!
(P < 1.1 X 107'°). The outer membrane receptor for ferric 2,3-
dihydroxybenzoylserine (CirA), an iron-siderophore complex
uptake receptor (69), was found as two isoforms (eID 0051 and
0057). Both isoforms had higher protein levels under iron-limit-
ing conditions (4- to 13-fold higher; P < 1.1 X 10~ '¢) than the
corresponding glucose-limited conditions (changes were larger
for eID 0051). Changes in protein level as a function of dilution
rate were no greater than 2-fold for either isoform under iron-
limited conditions.

Two isoforms of the Fur-regulated iron storage protein bacte-
rioferritin (Bfr) were found, one in the cytoplasmic fraction and
one in the membrane fraction. The abundance of Bfr in the cyto-
plasmic fraction (eID 0405) was consistently higher during glu-
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TABLE 2 Protein abundance as a function of nutrient limitation and chemostat dilution rate for
discussed membrane spots

Log10 normalized spot volumes@ Trendsb
Limitation
Carbon vs. Iron, for each D
Glucose Iron across D¢
1D_Gene name 0.th™ 0.2h™ 0.3h™ 0.4h™ 0.1h™ 0.2h™ 0.3h™ 0.4  Glc 020 030 0.40 Description

1D:0261_GapA

eID:0666_Pgk

5.74% 5.48+ 5.84% 5.72%
035 0.3 0.15 0.1

5.65+ 5.47+ 5.67+ 5.35+
034 022 03 0.18

5.87+ 5.69+ 6.04% 5.78+

6.16+ 5.87% 6.30+ 6.25%
0.24 0.23 0.09 0.05

6.00+ 6.17+ 6.13+ 5.95%
0.07 0.21 0.06 0.08

6.35% 6.44% 6.37+ 6.09%

P EPEE

Glyceraldehyde 3-phosphate
dehydrogenase-A

Phosphoglycerate kinase

€1D:1247_Eno 023 009 026 01 0.1 012 007 0.1 Enolase
, 5.94% 5.76+ 5.81% 5.57+ 6.06% 6.20% 6.09+ 5.86% /
AB:0142.Eno 026 006 02 012 012 008 005 0.09 7 St

eID:0852_SucD

eID:0742_GadAB

elD:1274_FepA

elD:1207_FepA

eID:0057_CirA

eID:0051_CirA

elD:1257_TufA

eID:0961_TufA

eID:1053_FusA

1D:0117_GroL

elD:1184_GroL

eID:0759_GroL

1D:0229_MalE

elD:0317_Acs

5.65% 5.64+ 5.58+ 5.81%
0.18 027 03 0.21

5.38+ 5.50+ 5.54% 5.39+
0.14 0.1 023 0.12

6.39% 6.44% 6.47% 6.40%
021 0.16 0.25 0.11

6.13+ 5.86+ 5.67+ 5.55%
0.25 0.08 0.17 0.07

5.31% 545+ 540+ 5.55+
0.29 0.15 0.07 0.09

5.18+ 5.48+ 5.45% 5.69+
029 0.13 0.17 0.15

6.52% 6.46+ 6.36% 6.14%
0.15 0.15 0.1 0.07

5.78+ 5.71% 5.39+ 5.42%
0.15 0.12 0.17 0.11

5.28+ 5.09+ 5.01+ 4.83+
03 024 0.18 0.24

5.76% 5.75+ 5.58+ 5.52%
0.24 0.08 0.15 0.19

5.73% 5.79+ 5.60+ 5.45+
032 0.12 0.13 0.15

6.38% 6.64% 6.57+ 6.44%
0.18 0.16 0.1 0.16

5.27+ 4.95+ 5.10+ 5.2+0
045 024 0.25 .21

5.66+ 5.50+ 5.36% 5.33%

4.99+ 5.03+ 4.94+ 5.13%
0.09 0.2 0.11 0.13

5.50+ 5.99+ 5.94% 5.73%
006 0.2 0.1 0.06

7.62% 7.27% 6.89% 6.62%
0.17 025 0.22 0.14

5.70% 5.72% 5.66+ 5.52%
0.14 0.2 0.09 0.11

6.07+ 6.00+ 5.88+ 6.10+
0.18 0.37 0.18 0.18

6.36% 6.28% 6.10%+ 6.34%
021 037 02 0.19

6.49+ 6.62+ 6.47% 6.28+
0.1 021 0.09 0.07

5.47+ 5.63+ 5.31+ 5.45%
0.13 0.12 0.19 0.2

5.90+ 5.77+ 5.36% 5.19%
0.12 0.14 0.19 0.26

5.21+ 5.20+ 5.09+ 5.06%
0.22 0.09 0.15 0.21

5.54+ 5.69+ 5.58+ 5.43%
0.21 0.14 0.12 0.17

6.53% 6.81% 6.69+ 6.55%
0.23 0.14 0.09 0.12

4.60+ 4.61+ 4.71% 4.70+
0.16 0.26 0.19 0.24

5.19% 5.20+ 5.19+ 5.25%
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Succinyl-CoA synthetase, a
subunit

Glutamate decarboxylase B

Ferric enterobactin OMP

Ferric enterobactin OMP
Ferric dihyroxybenzoylserine
transport Outer membrane
receptor

Ferric dihyroxybenzoylserine
transport Outer membrane
receptor

Elongation Factor TU

Elongation Factor TU

Elongation Factor G

GroEL, chaperone Hsp60,

peptide-dependent ATPase, heat

shock protein
GroEL, chaperone Hsp60,

peptide-dependent ATPase, heat

shock protein
GroEL, chaperone Hsp60,

peptide-dependent ATPase, heat

shock protein

Maltose ABC transporter -
periplasmic binding

Acetyl-CoA synthetase

—
/
o \
ID:0996_ MalE 5.41+ 539+ 5.15+ 5.18+ 4.80+ 4.98+ 4.78% 4.74% Maltose ABC transporter -
. - 0.37 0.22 0.14 0.18 0.13 0.16 0.11 0.19 /\..‘ \ periplasmic binding
ID:0956_MglB 5.65+ 5.16% 5.10+ 5.06+ 5.19+ 4.98+ 5.18+ 5.16% Galactose transport (ABC
: -Ma 0.67 0.1 0.22 0.18 0.24 0.13 0.07 0.17 \/-o \ ~—* - periplasmic)
oID:0950 Mglg  5:28% S-11% 4.80% 4.69+ 5.19+ 5.32% 5.19% 5.07+ /\ 7 / Galactose transport (ABC
: Mg 036 0.1 0.23 0.14 0.09 0.1 0.06 0.19 / periplasmic)
) 6.46% 6.40+ 6.35% 6.240 6.03+ 6.08% 6.05+ 5.88% \ ‘\ )
eID:0376 AcA 431 009 03 .15 012 014 012 0.1 - \ Isocitrate Lyase
: 6.12+ 5.99+ 5.84+ 5.73+ 5.85% 6.02+ 5.90+ 5.83% - ?
1D:0152_AceA 02 01 08 009 008 007 0.4 0.13 VAN o oo Lyase
. 5.25+ 5.15% 4.98+ 4.92+ 4.97+ 5.18+ 4.95+ 5.00% i
eID:1093_AceB 034 024 027 043 021 027 02 013 /\/ N Malate synthase A
~

eID:0609_AcnB

1D:0402_Bfr

1D:0061_FhuA

021 02 0.11 0.15

5.6+0 5.44+ 5.33+ 5.39%+
.23 0.17 0.17 0.16

5.33% 5.1+0 5.18+ 4.82%
023 .11 025 0.17

5.82+ 5.96+ 5.92+ 6.02+
0.16 0.15 0.2 0.14

0.14 0.18 0.13 0.19

5.82+ 5.68+ 5.43+ 5.46%
0.14 0.2 021 0.17

5.16+ 5.41% 541+ 5.01%
0.15 023 0.11 0.11

6.14+ 5.98+ 5.75+ 6.02+
0.21 0.25 0.18 0.16
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Bifunctional aconitate hydratase
2/2-methylisocitrate dehydratase

Bacterioferritin monomer

Outer Membrane Protein
Assembly Complex

“ Means * 3 SEM.

b Trends are plotted on the same scale for each spot and lines. Comparisons with a shaded background contain at least one
statistically significant difference across the conditions (P < 0.05). The complete protein data set can be found in the
supplemental material.

¢ From left to right, D = 0.1 to 0.4 h™ %
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TABLE 3 Protein abundance as a function of nutrient limitation and chemostat dilution rate for discussed cytoplasmic protein

spots

ID_Gene hamed

Log10 normalized spot volumes® Trends?
Limitation
Carbon vs. Iron, for each D
Glucose Iron across D¢
0.th™* 0.2h™ 0.3h™ 0.4h™ 0.1h™ 0.2h™ 0.3h™ 0.4h™  Glc  Fe 0.10 0.20 0.30 0.40

Description

eID:0967_PykF

1D:0200_PfiB

eID:0504_PflB

elD:1343_GapA

eID:2245_GItA

eID:0568_SucD

eID:0443_Wrba

elD:1676_SodA

€ID:0099_SodB

eID:2195_Dps

1D:0571_Dps

eID:0915_GadAB

eID:0191_TufA

elD:1229_TufA

eID:0839_TufA%

eID:0924_TufA+

eID:0250_FusA

eID:0605_AceB

eID:0573_Acs

eID:0572_Acs

eID:0405_Bfr

5.26% 5.21+ 540+ 5.36%
0.09 0.16 0.2 0.08

5.54+ 5.47+ 572+ 5.61%
0.08 0.16 0.14 0.14

5.16+ 5.17+ 5.45+ 5.20%
0.14 0.19 0.16 0.24

5.85+ 5.74+ 5.72+ 5.55+
0.17 0.21 0.34 0.44

5.11+ 5.10% 5.26+ 5.09+
0.13 0.15 0.2 0.26

5.40+ 5.03+ 5.27+ 5.54%
0.28 0.27 0.28 0.21

5.73+ 5.67% 5.41% 5.66%
0.17 0.12 0.15 0.13

5.78+ 5.76% 5.85+ 5.96%
0.18 0.15 0.17 0.12

5.42+ 5.65+ 5.16+ 4.92+
0.15 0.26 0.36 0.48

5.59+ 5.47+ 5.17+ 5.11%
0.1 0.05 0.11 0.13

4.67+ 4.68+ 4.43+ 4.5+0
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Pyruvate formate-lyase

Pyruvate formate-lyase

Glyceraldehyde 3-phosphate
dehydrogenase-A

Citrate synthase monomer

Succinyl-CoA synthetase, a
subunit

NAD(P)H:quinone oxidoreductase

superoxide dismutase (Mn)

Superoxide dismutase (Fe)

DNA binding protein

DNA binding protein

Glutamate decarboxylase

Elongation Factor TU

Elongation Factor TU

Elongation Factor TU

Elongation Factor TU

Elongation Factor G

Acetyl-CoA synthetase (AMP-
forming)

Acetyl-CoA synthetase (AMP-
forming)

Acetyl-CoA synthetase

Bacterioferritin monomer

“ Means * 3 SEM.

¥ Trends are plotted on the same scale for each spot. Plots with shaded backgrounds contain at least one statistically significant difference across the
conditions (P < 0.05). The complete protein data set can be found in the supplemental material.
¢ From left to right, D = 0.1to 0.4 h™".

1 indicates protein spots that were <2-fold different across all conditions.
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cose-limited growth than iron-limited growth and generally
higher at lower dilution rates, with maximum abundance occur-
ring at a D of 0.2 h™'. The abundance of Bfr in the membrane
fraction (ID 0402) was generally higher for iron-limited growth
than glucose-limited growth. The abundance of membrane-asso-
ciated Bfr declined 2.5-fold at 0.4 h™' compared with 0.3h™" (P <
1.1 X 107 '¢). See Tables 2 and 3 for more information.

Outer membrane porin abundance during iron-limited
growth. Four outer membrane porins (Omp) were identified
(OmpF, OmpX, OmpC, and OmpA). Protein levels for the single
identified outer membrane porin F spot (OmpF; eID 1249) were
~6 to 16-fold higher (P < 1.1 X107 ') under glucose-limited
conditions than during iron-limited growth for all dilution rates.
Two outer membrane protein X (OmpX) isoforms (eID 1258 and
0310) were observed. Both isoforms were expressed at levels ~2-
to 4-fold higher (P < 0.01) under iron-limited conditions than
glucose-limited conditions. However, the single identified outer
membrane porin C spot (OmpC; eID 0157) had protein levels that
were 2- to 4-fold higher (P < 1.1 X107 '°) under glucose-limited
growth than during iron-limited growth for all dilution rates.

The outer membrane protein A (OmpA) data highlight the
richness of protein isoforms, the power of differential 2-dimen-
sional proteomics, and the challenges of interpreting proteomics
data. A total of 18 gel spots contained isoforms of OmpA. Of the 13
single-protein-containing spots, 12 OmpA isoforms were from
the membrane fractions and one was from the cytoplasm. The
protein abundance patterns were complicated, with some iso-
forms being unaffected by nutrient limitation or dilution rate (eID
1255, 1256, 0853, 0653, 0676, 0442, 0468, 0316, and 0645) and
others showing changes. For instance, isoform eID 1111 was ex-
pressed at 2- to 5-fold-higher levels (P < 0.03) under glucose-
limited conditions at all dilution rates compared to iron-limited
growth. Considering the complexity of the data, general conclu-
sions were difficult to make. While complex, the Omp data pro-
vide a view into the nuanced expression of different cellular strat-
egies for interacting with the environment. The observations also
contribute to the growing body of data examining transporter
expression as a function of nutrient limitation (70-72). See the
supplemental material for porin data.

Elongation factor and chaperone abundance during iron-
limited growth. A number of regulator proteins (TufA, FusA, and
GroL) were identified. All of these proteins had multiple isoforms
complicating the interpretation of their role in stress adaptation.
For example, the ribosomal elongation factor Tu (TufA) was
found in 12 different protein spots. Of the six single-protein spots,
four were in the cytoplasm fraction (eID 0924, 1229, 0839, and
0191) and two in the membrane fraction (eID 1257 and 0961). In
addition, 6 other isoforms were found in multiprotein spots, sug-
gesting a complicated biology for the protein. Generally, the sin-
gle-protein spots showed an increase in protein levels with de-
creases in dilution rate. See Tables 2 and 3 for more information.

Patterns of abundance during glucose-limited growth. The
abundance of alternative carbon source transporters was elevated
during glucose-limited growth compared with iron-limited
growth. An alternative sugar transporter, MalE (ID 0229; eID
0996), was expressed at 2- to 8-fold-higher levels (P < 1.1 X
107 ') during glucose-limited growth than iron-limited growth.
The abundance of the ABC sugar transporter MglB (eID 0956 and
0959) also increased with decreasing growth rate for glucose-lim-
ited growth and was up 5- to 8-fold (P < 0.02) ata D of 0.1 h™!
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compared with 0.4 h™". In addition, the previously mentioned
OmpF and OmpC proteins levels increased significantly during
glucose-limited growth.

There were indications that during glucose-limited growth, the
glyoxylate shunt pathway was functioning. Abundance of isoci-
trate lyase, AceA (eID 0376), was 2- to 3-fold (P < 0.01) higher
under glucose limitation for all dilution rates, while another iso-
form of AceA (ID 0152) was 2-fold higher (P < 1.1 X 10™'°) only
under glucose limitation at a D of 0.1 h™'. Malate synthase, AceB
(eID 0605), located in the cytoplasmic fraction was upregulated
1.5- to 3-fold (P < 0.04) for glucose-limited growth, but a mem-
brane isoform (eID 1093) was expressed at higher levels during
glucose limitation only ata D of 0.1 h™" (2.3-fold; P = 0.05). Use
of the glyoxylate shunt during carbon starvation was proposed
previously to be part of the “hungry bacteria” adaptation and is
consistent with in silico cellular economy analysis of central me-
tabolism (39, 45, 73).

Acetyl coenzyme A (acetyl-CoA) synthetase (Acs) protein was
found in the membrane (eID 0317) and the cytoplasmic fractions
(eID 0572 and 0573). Levels of the membrane isoform increased
with increasing glucose limitation stress and were 2.3-fold higher
ataDof0.1h™'thanat0.4h™"' (P < 1.1 X 107 '®). They were also
1.3- to 3-fold higher (P < 0.02) than during iron-limited growth
ata D of 0.1 to 0.3 h™". The cytoplasmic isoforms of Acs did not
exhibit dilution rate-responsive changes under glucose-limited
conditions; however, both isoforms increased slightly with in-
creasing dilution rate under iron limitation, reaching 1.4- to 2.3-
fold increases ata D of 0.4 h™" (P < 0.04) compared with 0.1 h™".
Additionally, the abundance of these isoforms was generally 3- to
4-fold higher (P < 1.1 X 10~ '¢) under glucose-limited than under
iron-limited conditions at dilution rates of 0.1 to 0.2 h™'. For
glucose-limited conditions, these observations could relate to a
strategy to prevent loss of acetate from the central metabolism or
a strategy to utilize any exogenous acetate (74). See Tables 2 and 3
for more information.

DISCUSSION

E. coli acclimation to iron-limited growth and glucose-limited
growth was studied at four distinct levels of stress using chemostat
cultivation. Iron is a trace element that is used as an enzymatic
cofactor and is distributed unevenly across central metabolism
enzymes; glucose, under the conditions investigated, is both a car-
bon source and the sole energy source and is required to synthesize
every enzyme (Fig. 5). Iron-limited growth and carbon-limited
growth represent an interesting contrast in microbial nutrient
limitation responses. The stress gradients produced physiological
responses that changed as a function of both limitation type and
stress severity. A cellular economic analysis of the inherent
tradeoffs between metabolic pathway synthesis requirements (nu-
trient investment into pathway proteins) and the energetic effi-
ciencies of the pathway (ATP per substrate catabolized) provides a
theoretical framework for interpreting the results and explaining
why certain metabolic strategies have been selected by evolution.
This theme has been explored previously using an in silico analysis
of different nutrient investment strategies as a function of cultur-
ing conditions (45, 46, 75).

When iron is abundant and glucose is scarce, it is competitive
from an economic and ecological perspective to make the most
efficient use of the limiting resource. Efficient use of glucose to
make biomass translates into a high biomass-per-glucose yield
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FIG 5 (a) Diagram of E. coli central metabolism. Circles represent metabolites, and numbers correspond to the enzyme-catalyzed reactions listed at right.
Enzyme data include enzyme or subunit name, subunit composition for a functional enzyme (i.e., monomer, dimer, etc.), total amino acid (A. acids) count for
the entire functional enzyme (used as a proxy for overall resource investment), total iron investment for entire functional enzyme, and whether the enzyme

produces (+) or consumes (—
metabolism for carbon-limited cells highlighting the use of the glyoxylate shu

) ATP or reducing equivalents (¢€). The diagram does not include cofactors or biosynthetic pathways. (b) Proposed central

nt instead of the full TCA cycle. Glucose-limited growth at a D of 0.1 h™" likely

included flux through reaction 15 (PfIB). (c) Proposed central metabolism for iron-limited cells experiencing moderate nutrient scarcity stress. (d) Proposed
central metabolism for iron-limited cells experiencing severe iron scarcity stress. T.C., transport chain.

(consistent with data in Fig. 3a) and efficient use of glucose to
make energy translate into complete oxidation to carbon dioxide,
with low yields of alternative metabolic by-products (consistent
with data in Fig. 4). Cellular acclimation to glucose limitation also
involved a shift from the full TCA cycle to the oxidative use of the
glyoxylate shunt (Table 2). This transition is predicted using cel-
lular economic theory, because the glyoxylate shunt (AceA and
AceB) requires a smaller investment of resources (carbon and ni-
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trogen) (Fig. 5b) to build, relative to the full TCA cycle, yet is very
efficient at oxidizing glucose-derived metabolites.

Similar economic arguments can be made to interpret the
iron-limited growth. The E. coli central metabolism is highly re-
dundant, possessing numerous parallel pathways (45, 46), and
these various pathways require different iron investments and
have different catabolic efficiencies. Iron scarcity should penalize
the use of nonessential pathways which require iron-containing

Journal of Bacteriology

AINN 3LVY1S NN3d Aq 9T0Z ‘ST Jaqwardas uo /Blo wseqly/:dny woi papeojumod


http://jb.asm.org
http://jb.asm.org/

enzymes. While the Embden-Meyerhoff-Parnas (EMP) and Ent-
ner-Doudoroff (ED) glycolysis pathways do not require iron in-
vestment, many enzymes associated with respiratory metabolism
do. Large iron investments are required to synthesize the enzy-
matic infrastructure of the TCA cycle (e.g., SdhB, FrdB, and
FumB), portions of the intermediary metabolism (e.g., AdhE and
FdhH), and proton pumping components of the electron trans-
port chain (e.g., CyoB, CydA, and NuoG) (Fig. 5a) (41).

During iron-limited growth, the cellular metabolism was
thought to shift from the high-ATP-yielding, iron-containing
pathways to lower-ATP-yielding, simpler pathways that accom-
plish essential functions but do not require iron. Flux through the
TCA cycle was presumably reduced, based on protein abundance
patterns (Table 2) and published data (41). The electron transport
chain, which did carry a significant flux based on electron balance
calculations (see Table S2 in the supplemental material), was
probably limited to the low-iron-requiring components, like the
soluble Ndh, which does not pump any protons, as opposed to the
iron-requiring membrane-associated Nuo complex. This low-
iron-investment strategy would produce a smaller proton motive
force per oxygen molecule consumed, translating into a lower P/O
number (ratio of ATP formed to oxygen reduced) than high iron-
investment strategies. While only minimal electron transport
chain proteomics data were found in the current study, transcrip-
tomic data for iron-limited growth have been reported for batch
growth and demonstrated transitions in electron transport com-
ponents which are consistent with the concept of investment
tradeoffs as a function of iron scarcity (41). Under these condi-
tions, it is more competitive, on an iron investment basis, to ex-
tract energy from glucose using glycolysis-based substrate-level
phosphorylation and to secrete the partially oxidized by-products,
which would otherwise require a large iron investment to further
oxidize. The decrease in cellular ATP per glucose yields associated
with a shift from a respiration-based to a substrate-level-based
ATP phosphorylation strategy would require a concomitant in-
crease in glucose catabolic rates to maintain the same ATP avail-
ability. These trends were observed under the iron-limited condi-
tions, where increased iron scarcity led to increased specific
glucose catabolic rates and increased lactate secretion (Fig. 3b and
4). The observed overflow metabolism represents a highly efficient
use of the limiting resource iron.

Proteins associated with genes regulated by Fur and RhyB were
observed in this work (a summary can be found in Table S5 in the
supplemental material). A number of the protein abundance
trends were consistent with previous transcript work (42, 76). For
example, many TCA cycle enzyme abundances were down relative
to those in glucose-limited growth, consistent with previous tran-
script results, and iron storage protein bacterioferrin (Bfr eID
0405) abundance decreased, consistent with its reported Fur reg-
ulation. However, a substantial increase in aconitate hydratase B
(AcnB) abundance was observed under iron-limited conditions
relative to glucose-limited conditions (Table 2). This observation
was contrary to the transcript data from Massé et al. (42, 76), who
reported that AcnB mRNA was regulated by the small RNA RhyB
(42), suggesting that the abundance of AcnB should go down un-
der iron-limiting conditions. E. coli has two aconitate hydratase
enzymes to catalyze the essential TCA cycle conversion of citrate
to isocitrate (77, 78). AcnA possesses enhanced stability to oxi-
dants, and it is expressed under oxidative stress conditions and
repressed under iron-limiting conditions (78, 79), leaving only
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AcnB to function under iron-limited conditions. Low iron levels
would reduce the occurrence of the Fenton reaction and therefore
hydroxyl radical generation, perhaps decreasing the need for
AcnA. Additionally, the observed increase in AcnB abundance
corresponds to a suggested role of AcnB as an iron sensor (79).
The ferrichrome transporter (FhuA) is believed to be regulated by
Fur, but not strongly, and has been a source of some confusion
(14, 41). The current work, through the use of a gradient of iron
stress, found that FhuA abundance changes were complex, sug-
gesting that the previous observations may have varied due to
different levels of culture iron scarcity.

Lactate secretion has been observed in the opportunistic hu-
man pathogen Staphylococcus aureus under iron-limited condi-
tions (80). The Gram-positive organism S. aureus is a competent
mixed-acid fermenter and possesses the enzymatic machinery to
secrete an array of by-products. The S. aureus study proposed that
lactate (lactic acid) was secreted to lower the local pH, facilitating
the release of iron bound by host proteins. The present research
and ongoing metabolic modeling offer an alternative explanation
to the acidification theory (75). Under conditions of iron limita-
tion, these two generalist microbes (E. coli and S. aureus) shift
their pathways to enzymes that require less of the limiting nutrient
iron. The adoption of a fermentation-like overflow metabolism
which secretes lactate is a competitive investment of scarce iron,
based on the genome-encoded potential of these Gram-negative
and Gram-positive microorganisms.

Microbial metabolic responses to iron scarcity are critical in a
wide range of ecosystems from medical infections to marine nu-
trient cycling. This critical nutrient represents a powerful yet
poorly characterized experimental system for general studies of
competitive microbial acclimations to nutrient-limiting environ-
ments and for specific studies of pathogen strategies for growth
and persistence in mammalian host tissue with low iron bioavail-
ability.
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