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Abstract

Reactive oxygen species (ROS) are toxic molecules utilized by the immune system to combat
invading pathogens. Recent evidence suggests that inefficiencies in ATP production or usage can
lead to increased endogenous ROS production and sensitivity to oxidative stress in bacteria. With
this as inspiration, and knowledge that ATP is required for a number of DNA repair mechanisms,
we hypothesized that futile cycling would be an effective way to increase sensitivity to oxidative
stress. We developed a mixed integer linear optimization framework to identify experimentally-
tractable futile cycles, and confirmed metabolic modeling predictions that futile cycling depresses
growth rate, and increases both O, consumption and ROS production per biomass generated.
Further, intracellular ATP was decreased and sensitivity to oxidative stress increased in all
actively cycling strains compared to their catalytically inactive controls. This research establishes
a fundamental connection between ATP metabolism, endogenous ROS production, and tolerance
toward oxidative stress in bacteria.
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1. Introduction

After phagocytic cells ingest pathogens, NADPH oxidase is recruited to the phagosome to
generate an “oxidative burst” of O,~(Diacovich and Gorvel, 2010). The O, generated can be
dismutated to H,O, and further processed to HOCI by myeloperoxidase (Hampton et al.,
1998), or directly react with NOe to form OONO™ (Fang, 2004). These ROS can damage a
wide range of biomolecules, including iron-sulfur clusters (Jang and Imlay, 2007), lipids
(Rubbo et al., 1994), cysteine residues (Kim et al., 2000; Storkey et al., 2014), methionine
residues (Davies, 2005; Luo and Levine, 2009; Storkey et al., 2014), and tryptophan
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residues (Jerlich et al., 2000). To prevent or cope with these deleterious molecules,
pathogens employ a number of detoxification and repair systems, as well as in some cases
methods to inhibit NADPH oxidase and the originating oxidative burst. The importance of
ROS to immunity is highlighted by the numerous pathogens that require such mechanisms to
establish or sustain an infection [Bacillus anthracis (Crawford et al., 2006), Coxiella
burnetii (Siemsen et al., 2009), Chlamydia trachomatis (Tauber et al., 1989), Salmonella
Typhimurium (Hebrard et al., 2009), Mycobacterium tuberculosis (Li et al., 1998; Manca et
al., 1999), Staphylococcus aureus (Cosgrove et al., 2007), Helicobacter pylori (Harris et al.,
2003), Streptococcus pyogenes (Brenot et al., 2004), and Enterococcus faecalis (La Carbona
et al., 2007)], and the shortened life expectancy of patients with chronic granulomatous
disease (CGD), who suffer from recurring infections due to mutational defects in NADPH
oxidase (Fang, 2004).

This strong dependency of virulence on oxidative stress suggests that bacterial tolerance to
ROS may represent an effective target for anti-infective therapies. With that rationale, much
research has been devoted to identifying the molecular mediators of oxidative stress
responses in microbes. Inhibition of detoxification or repair systems (Ananthaswamy and
Eisenstark, 1977; Bakshi et al., 2006; Cosgrove et al., 2007; De Groote et al., 1997; Hebrard
et al., 2009; Imlay and Linn, 1986), as well as boosting ROS production from microbes
themselves (Brynildsen et al., 2013), has proven effective at increasing sensitivity to
exogenous oxidative stress. These results inspired us to explore the possibility of targeting
two ROS tolerance determinants with a single metabolic perturbation. Specifically,
numerous oxidative damage repair systems are ATP-dependent (Galletto et al., 2006; Heinze
etal., 2009; Orren and Sancar, 1989; Selby and Sancar, 1995; Voloshin et al., 2003), and
previous work suggested that inefficiency in ATP usage or production increases endogenous
ROS generation and decreases tolerance to exogenous oxidants (Brynildsen et al., 2013).
Futile cycles are an effective means to reduce efficiency in ATP usage, and previous
research has demonstrated that active cycling reduces intracellular ATP levels (I1zallalen et
al., 2008; Koebmann et al., 2002). Therefore, we hypothesized that the stimulation of futile
cycles would be an effective way to increase sensitivity to oxidants, through their combined
effect on ATP levels and potential to increase endogenous ROS production.

Here, we explore the effects of three futile cycles in different areas of metabolism on E. coli
K-12 MG1655. We experimentally validated computational predictions that cycling would
decrease growth rate, and increase O, consumption and ROS production relative to biomass
produced. The anticipated decrease in ATP concentration (Koebmann et al., 2002) with
futile cycling was also confirmed experimentally, and further, we discovered that futile
cycling led to a significant increase in sensitivity to H,O,, consistent with our hypothesis.
We found this result to not be explainable by growth rate alone, since a nutrient-deprived
culture exhibited a significant increase in tolerance to H,O, in comparison to its nutrient-
replete control. Additionally, we found that futile cycling did not decrease cellular
detoxification of H,O5, which indicated that the reduction in oxidant tolerance was the result
of enhanced damage or defective repair. We anticipate that this fundamental knowledge
connecting ATP metabolism to oxidant sensitivity could be leveraged to develop new anti-
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infective therapies for pathogens that rely on their oxidative stress tolerance to sustain an
infection.

2. Materials and Methods

2.1 Flux balance analysis

To simulate ROS production, we used a previously developed ensemble modeling approach
(Brynildsen et al., 2013). We note that although several reactions in E. coli are known to
generate O,~ and H,0, (Korshunov and Imlay, 2010), the sources of the majority of ROS
produced during aerobic growth remain ill-defined (Brynildsen et al., 2013; Seaver and
Imlay, 2004). However, this uncertainty is constrained by the fact that enzymes with the
potential to generate ROS use flavin, quinone, and/or transition metal electron carriers. The
ensemble modeling approach leverages this knowledge to generate an ensemble of
metabolic models where the total ROS production from each network is equivalent, but the
quantitative contribution of each potential ROS-generating enzyme is distinct. To illustrate,
Figure S1 depicts the total HoO, generated by 100 distinct models (Fig. S1A), as well as the
H,0, generated by a single ROS generating reaction (NADH dehydrogenase 1) (Fig. S1B).
General trends obtained from the ensemble can then be used to formulate hypotheses that
can be experimentally assessed, as was done here with respect to the impact of futile cycling
on ROS metabolism. This ensemble modeling approach uses the iAF1260 genome-scale
metabolic model of E. coli (Feist et al., 2007), and it has been shown previously to correctly
predict the qualitative change in ROS production for single gene deletion mutants in
approximately 90% of the tested cases (Brynildsen et al., 2013).

Flux balance analysis was performed using the COBRA Toolbox v2.0 (Schellenberger et al.,
2011) in MATLAB while optimizing for biomass. The glucose uptake rate was set to 11
mmol/gDW/h (Brynildsen et al., 2013). Transcriptional regulation was applied (Covert and
Palsson, 2002) with regulatory rule changes in b2458 (eutD), b3942 (katG), b0506 (allR),
and b2087(gatR) (Brynildsen et al., 2013). Additional changes to the model include:
correcting the electron acceptor of protoporphyrinogen oxidase from oxygen to ubiquinone
(Mobius et al., 2010); unconstraining erroneous bounds on formate hydrogen lyase, catalase,
and superoxide dismutase (Brynildsen et al., 2013); removing anaerobic pyridoxal-5-
phosphate oxidase activity due to a lack of experimental evidence that it occurs in vivo (Feist
et al., 2007); and only allowing oxygen as an electron acceptor for aspartate oxidase because
it has been found to be the predominant electron acceptor under aerobic conditions
(Korshunov and Imlay, 2010).

2.2 Bacterial strains

E. coli K-12 MG1655 was used in all experiments. AkatE, AkatG, and Aptsl mutations were
transduced into MG1655 from their respective strains in the Keio collection (Baba et al.,
2006) by the P1 phage method. The AahpCF mutation was generously provided by Michael
Kohanski and transduced into MG1655 using the P1 phage method. In generating the Hpx—
strain (AkatE AkatG AahpCF), antibiotic markers were cured out using pCP20 before
subsequent P1 transductions (Datsenko and Wanner, 2000), and the known antioxidant
pyruvate was included in the LB agar plates to prevent a toxic build-up of H,O, (Nath et al.,
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1995). Deletions were PCR checked for proper chromosomal integration with a forward
primer external to the gene and reverse primer within the kanamycin resistance cassette
(kanR). Internal primers were used to check for gene duplication. In cured strains, external
primers before and after the gene were used to check for proper scar size. All PCR primers
are listed in Table S1. Hpx- retains no catalase or peroxidase activity, which was confirmed
through H,05, clearance assays (Fig. S13).

2.3 Plasmid construction

Genes were amplified off of purified E. coli K-12 MG1655 genomic DNA using Phusion
High-Fidelity DNA Polymerase (New England Biolabs, Inc.). All restriction enzymes were
purchased from New England Biolabs, Inc., and digestions were carried out according to
manufacturer instructions. Ligations were done using the NEB Quick Ligation Kit, and
ligated plasmids were transformed into Z-competent (Zymo Research) E. coli XL1-Blue
(Stratagene). Transformed cells were immediately plated on LB-agar with 100 pg/mL
ampicillin (amp). Inserts of all plasmids (active and inactive) were confirmed by sequencing
through GENEWIZ, Inc.

Overexpression plasmids were generated using pQE80 (Qiagen). Primers used for
amplifying genes off of MG1655 genomic DNA are listed in Table S2. Forward primers
consist of a GC-clamp followed by a restriction site, spacer, ribosomal binding site, and the
genomic sequence beginning 8 base pairs upstream of the start codon. The EcoRI cut site on
pQEB8O0 was used to remove the 6xHis-tag coding sequence, with either Hindll1 (pQE80-acs
and pQE80-pck) or BamHI (pQEB80-atp) on the other side of the gene. For the pQE80-atp
(atpAGD) insert, Mfel, which has compatible cohesive ends with EcoRI, was used in the
forward primer because EcoRI was present within the insert. Inactive enzymes were
generated by site-directed mutagenesis using the overlap extension method (Ho et al., 1989)
with primers listed in Table S2. Inactivations were suggested by literature: D268N for Pck
(Jabalquinto et al., 2002), K609A for Acs (Starai and Escalante-Semerena, 2004), and
BR246A for AtpD (Ahmad and Senior, 2004).

2.4 Growth rates

Optical densities at 600 nm (ODggg) were measured on a Synergy H1 Microplate Reader
(BioTek Instruments, Inc.). Growth rates were determined in MOPS minimal 10 mM
glucose medium and MOPS EZ-rich 10 mM glucose medium, both purchased from
Teknova. EZ-rich medium is supplemented with all 20 amino acids, adenine, cytosine,
uracil, guanine, and the vitamins thiamine, pantothenate, p-aminobenzoic acid, p-
hydroxybenzoic acid, and 2,3-dihydroxybenzoic acid (Neidhardt et al., 1974). Overnight
cultures were inoculated from —80°C stocks. From a 20 hour 1 mL LB + 100 pg/mL amp
overnight culture, 20 mL of media (MOPS 10 mM glucose medium or EZ-rich 10 mM
glucose medium) + 100 pg/mL amp was inoculated to an ODggg of 0.005 in a 250 mL
baffled flask. The culture was grown at 37°C with 250 rpm shaking to an ODggq of 0.04
before inducing with 1 mM IPTG. ODggg was measured every hour for minimal media
cultures, and every 20 minutes for cultures in rich media. Growth rate was calculated from
ODggp measurements 2 to 4 hours after induction in minimal media cultures, and 40 minutes
to 1 hour 40 minutes after induction in rich media.
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2.5 Oxygen measurements

From a 20 hour LB + 100 pg/mL amp overnight culture originating from a —80°C stock, 20
mL of media (MOPS 10 mM glucose medium, or MOPS EZ-rich 10 mM glucose medium)
+ 100 pg/mL amp was inoculated to an ODggg of 0.005 in a 250 mL baffled flask. The
culture was grown at 37°C with 250 rpm shaking to an ODggq of 0.1 before inducing with 1
mM IPTG (0.1 mM IPTG for fcayp/~ in minimal glucose medium to allow for measurable
growth during oxygen measurement). After two hours of induction in minimal media or one
hour in rich media, 12 mL of culture was removed and centrifuged at 37°C and 4,000 rpm
for ten minutes. 10.8 mL of the spent media was removed. The cell pellet was resuspended
in the remaining media, and 1 mL was transferred to a 1.5 mL microcentrifuge tube and
centrifuged at 14,000 rpm for 2 minutes. 980 pL of the spent media was removed, and the
cell pellet was resuspended with 980 uL of pre-warmed fresh media + amp + IPTG (same
concentrations used in the growth in flasks). The resuspended cells in fresh media were used
to inoculate 10 mL of pre-warmed fresh media + amp + IPTG to an ODggg of 0.1 in a 50 mL
Falcon tube containing a sterile magnetic stirring bar. The Falcon tube was immersed in a
stirred water bath at 37°C. For the fc,cq/+ cycle, 3.5 mL instead of 10 mL was used in the
Falcon tube to enhance cycling, as determined by depressed growth rate of fc,. compared to

feacs*

ODggg measurements were taken every 10 minutes for strains with inactive enzymes and 20
minutes with active enzymes in rich media, and every 20 minutes for strains with inactive
enzymes and hourly with active enzymes in minimal media. Dissolved O, concentration was
continuously measured (one reading per second) using the FireStingO2 fiber-optic O, meter
with the OXROB10-CL2 robust oxygen miniprobe (PyroScience, GmbH). The effect of
fluctuations in temperature was automatically compensated for using the TDIP15
temperature sensor (PyroScience GmbH) and the FireSting Logger Software. For details of
how the FireSting data was used to calculate the total O, consumed, please see section S.7
of the Supplementary material.

2.6 ATP measurement

For cycling assays, cells were grown, induced, and washed as described for the oxygen
experiments. All cycles were fully induced (1 mM IPTG). The washed cells were used to
inoculate pre-warmed fresh media + amp + IPTG to an ODggg of 0.2. For measuring
MG1655 and MG Aptsl ATP levels, 20 h LB (+ 30 pg/mL kan for MG Aptsl) overnight
cultures were washed with MOPS 10 mM glucose medium to remove trace LB components
and then used to inoculate 20 mL MOPS 10 mM glucose medium in a 250 mL baffled flask
to an ODggg of 0.05. A higher cell density was necessary for Aptsl experiments because the
Aptsl mutant will not grow and the cultures were washed and concentrated to an ODgg of
0.2. Cultures were grown for 5 hours at 37°C with 250 rpm shaking (one doubling after
leaving lag phase for MG1655), then washed and adjusted to an ODgqq of 0.2 as described
above. ATP was measured using the BacTiter-Glo Microbial Cell Viability Assay Kit
(Promega) according to the manufacturer's instructions. Briefly, 100 UL of the ODggg 0.2
culture was mixed with 100 puL BacTiter-Glo reagent in an opaque 96-well plate. After five
minutes at room temperature, luminescence was read on a Synergy H1 Microplate Reader
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(BioTek Instruments, Inc.). An ATP standard curve was used to calculate ATP
concentrations.

2.7 H,O5 production

H,0, production was measured using an Amplex Red H,0, quantification assay. An E. coli
strain deficient in catalase and alkyl hydroperoxidase (MG1655 AkatE AkatG AahpCF,
denoted Hpx-) was necessary for these assays because wild-type MG1655 does not release
measureable amounts of H,O, (Seaver and Imlay, 2001). Different but comparable media
was used in this assay, as it was found that MOPS, cysteine, lysine, methionine, and EZ-rich
vitamins all increased background fluorescence in the presence of Amplex Red. Minimal
media assays were performed in M9 10 mM glucose medium, while rich media assays were
performed in M9 10 mM glucose medium supplemented with the concentrations of adenine,
cytosine, uracil, guanine, and amino acids except cysteine, lysine, and methionine present in
EZ-rich defined medium (Neidhardt et al., 1974). In Hpx- strains, catalase was added to
prevent a toxic buildup of H,O,. Catalase from bovine liver (2,000-5,000 units/mg protein:
Sigma Aldrich) was used, and the concentrations for overnight cultures were chosen based
on tests that found addition of more catalase no longer led to an increase in terminal cell
density. For growth in flasks, catalase concentrations were chosen based on tests that found
the addition of more catalase no longer increased the growth rate.

For cycling assays, overnight cultures were inoculated from —80°C stocks and grown for 20
hours in 1 mL LB + 100 pug/mL amp. For Hpx- strains, 30-75 U/mL of catalase was added
to prevent a toxic buildup of H,O, prior to beginning the assay. From overnight cultures, 20
mL of minimal or rich media in a 250 mL baffled flask was inoculated to an ODggq of 0.005.
Hpx- strains were supplemented with 30-75 U/mL catalase in minimal media, or 93-233
U/mL in rich media. When cultures reached an ODggq of 0.1, they were induced with 1 mM
IPTG (rich media assays) or 0.1 mM IPTG in the case of fc, in minimal glucose medium,
which had failed to grow at 1mM IPTG due to excessive futile cycling.

After one hour of induction in rich media, or two hours in minimal, 12 mL was removed to a
pre-warmed 15 mL Falcon tube and centrifuged at 37 °C and 4,000 rpm for 10 minutes. 10.8
mL of spent media was removed, the cell pellet resuspended, and 1 mL transferred to a
warm 1.5 mL microcentrifuge tube. Cells were washed four times to remove all catalase.
Washes consisted of spinning down at 14,000 rpm for 2 minutes, removing 980 pL of
media, and resuspending the cell pellet with 980 pL fresh media + amp + IPTG. Washed
cells were adjusted to an ODggg of 0.1 in warm, fresh media + amp + IPTG.

For MG1655 and MG Aptsl experiments, 20 h LB (+ 30 pg/mL kan for MG Aptsl) overnight
cultures were washed in M9 10 mM glucose medium and then used to inoculate 20 mL of
M9 10 mM glucose medium in a 250 mL baffled flask to an ODggg of 0.05. After MG1655
doubled once (6 hours), cultures were washed and adjusted to an ODggg of 0.1 in warm,
fresh media as described for the cycling strains, except no amp or IPTG was included.

In a black clear-bottom 96-well plate, 50 pL of the ODgqg 0.1 culture was added to 50 pL
media + 100 uM Amplex Red reagent (Life Technologies) + 0.2 U/mL horseradish
peroxidase (Life Technologies), with appropriate concentrations of amp and IPTG for the
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cycling assays. The plate was mixed in a dark shaker at 37°C with 250 rpm shaking for 2
minutes before reading the initial (time = 0) ODggg and fluorescence (550/590 nm) on a
Synergy H1 Microplate Reader (BioTek Instruments, Inc.). ODggg and fluorescence were
measured every 30 min in rich media and every hour in minimal. While in the shaker, the
plate was covered with Breathe-Easy film (Diversified Biotech), which is O, permeable.
Results of this assay are presented as fluorescence versus time, where fluorescence is
proportional to cumulative H,O, production. This method was used rather than measuring
H,0, concentration at specific time points, because the assay conditions for quantifying
H,0, concentrations from Hpx— led to significant growth defects due to the accumulation of
H»0, in the media. By continuously incubating the cells with Amplex Red and horseradish
peroxidase, we were able to measure H,O5 released with the added benefit of providing an
extracellular sink for H,O, that allows Hpx— growth to more closely resemble that of wild-

type.

2.8 Sensitivity assays

For cycling assays, scavenging proficient wild-type cells were grown, induced, and washed
as described for the oxygen experiments and ATP measurements. The washed cells were
used to inoculate pre-warmed fresh media + amp + IPTG to an ODggg of 0.2. For treatment
with HyO5, 1 mL of the ODggq 0.2 culture was placed in a warm test tube and treated with
H,0,. Due to the different media used and different level of cycling between systems, H,0,
concentrations were chosen such that bacterial killing in excess of 90% of the population
would be observed for at least one strain (strain harboring the active or inactive enzyme).
These concentrations were 4 mM H;0, for fcyey/+ in MOPS 10 mM glucose medium, 5 mM
H20, for fcagp« in MOPS 10 mM glucose medium, 2 mM H;0, for feay in EZ-rich 10
mM glucose medium, and 1.5 mM H,0O, for fc,cq in EZ-rich 10 mM glucose medium. For
MG1655 and MG Aptsl, cells were grown, washed, and adjusted to an ODggg of 0.2 as
described in the MG1655 and MG Aptsl ATP measurement protocol. They were treated with
12 mM H,0,, a concentration at which at least 90% killing was observed in wild-type or
Aptsl.

Initial cells were plated prior to the addition of H,O,. At each time point, 200 pL was
removed to a 1.5 mL microcentrifuge tube and spun down at 15,000 rpm for 3 minutes.
Cells were washed by removing 180 pL of media, resuspending with 980 uL PBS, spinning
down again at 15,000 rpm for 3 minutes, removing 980 pL, and resuspending a final time in
80 L PBS. Plating was done on LB agar using the serial dilution method, and plates were
incubated for 16 hours at 37°C prior to counting colonies.

2.9 H,0, detoxification assays

Samples were prepared and treated identically to the sensitivity assays. Washed induced
cells were used to inoculate pre-warmed fresh media + 100 ug/ml amp + 1 mM IPTG to an
ODgqg of 0.2, 1 mL of which was placed in a warm test tube and treated with H,O». Initial
H,0, concentrations matched those used in the sensitivity assays. At each time point, 200
uL was removed to a microcentrifuge tube and centrifuged at 15,000 rpm for 3 minutes. To
remove the cells, 150 L of the supernatant was removed to a clean microcentrifuge tube.
The initial time points were obtained by adding an identical amount of H,0O, to a tube
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containing only MOPS 10 mM glucose medium + 100 pg/ml amp + 1 mM IPTG. H,0,
concentration was measured in the cell-free samples using an Amplex Red Hydrogen
Peroxide/Peroxidase kit (Life Technologies) according to the manufacturer's instructions. A
standard curve was used to convert measured fluorescence values to H,O, concentration.

2.10 Statistical analysis

Statistical significance was assessed using two-tailed t-tests with unequal variances. Two
values were considered statistically different if their respective p-value was less than 0.05.
For experiments involving survival fractions, values were log transformed prior to statistical
analysis. For untreated sensitivity assay controls, a one-sample t-test was used to compare
the survival fractions to 1. Again, log transformed values were used when determining
significance of survival fractions.

3. Results

3.1 Flux balance analysis predictions

To explore the impact of futile cycling on ROS production, we performed in silico
experiments using an ensemble approach, which was required due to the indeterminacy
associated with endogenous sources of O,~ and H,0, (Methods). We observed that
increasing flux through a futile cycle led to a decrease in growth rate (Fig. 1A), an increase
in O, consumed relative to biomass produced (Fig. 1B), as well as an increase in ROS
production per biomass produced (Fig. 1C), consistent with the notion of decreased
productive output for the same energy invested. An analogous plot for O,~ production per
biomas produced can be found in the Supplementary material (Fig. S2). These effects were
independent of the specific futile cycle theat was functioning, which was expected since the
net effect of flux through a futile cycle is ATP hydrolysis. To confirm these predictions
experimentally, we sought to measure growth rate, O, consumption, and H,O, production
from strains experiencing futile cycling in different areas of metabolism. To accomplish this,
we needed to identify experimentally tractable futile cycles.

3.2 Identification of theoretical and experimental cycles

To identify futile cycles throughout E. coli metabolism, we sought sets of reactions within
the iAF1260 genome-scale metabolic model that resulted in ATP hydrolysis. Using mixed
integer linear optimization (MILO), we identified futile cycles with the smallest number of
reactions (Supplementary material). This process identified a total of 111 “theoretical” futile
cycles in E. coli that include only one, two, or three reactions. However, these cycles were
not equally accessible experimentally. For example, glycerol kinase and glycerol-3-
phosphatase form a two-step cycle that would require the overexpression of both enzymes in
minimal glucose medium, whereas the cycle created by phosphoenolpyruvate carboxylase
and phosphoenolpyruvate carboxykinase requires the overexpression of only one protein
(Pck). To identify futile cycles that were the most straight-forward to engage experimentally
(requiring the synthetic expression of only a single enzyme), we modified the MILO
problem to weight only enzymatic reactions that would require proteins to be synthetically
expressed (Supplementary material). This process identified 25 futile cycles that required
only one enzymatic reaction to be expressed in E. coli during growth on minimal glucose
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medium. For comparative purposes, we also identified all cycles that would require
synthetic expression of two or three enzymatic reactions, and these are presented in the
Supplementary material along with the theoretical cycles. A complete list of all one-, two-,
and three-step theoretical and experimental cycles can be found in Table S5.

The ATP hydrolyzing cycles we chose to explore are shown in Fig. 1. The Ppc-Pck futile
cycle, fcpek, could be engaged by expression of Pck (Ppc is utilized during growth on
minimal glucose medium), whereas the acetate cycle, fcacs, requires the expression of Acs
(Ack and Pta are expressed during overflow metabolism and acetate excretion, whereas a
basal level of Ppa expression is required for growth (Chen et al., 1990)). We note that these
cycles are both dependent on media conditions, and for that reason, we chose to also look at
an ATP synthase cycle, fcqyp, although it required expression of three proteins (AtpA, AtpG,
and AtpD), because it was context independent (Koebmann et al., 2002). These cycles are
located in different parts of metabolism, with the only common feature being ATP
hydrolysis. We chose to analyze all three systems to provide generality to the results of this
study.

3.3 Verification of futile cycling

To verify that futile cycling was occurring upon expression of pck, acs, and atpAGD, we
sought to confirm the FBA predictions that in the presence of futile cycling growth rate
would decrease (Fig. 1A) and O, consumption per biomass would increase (Fig. 1B).
Previous studies analyzing the impacts of futile cycling have used similar measures to
establish the presence of an active cycle (Chao and Liao, 1994; lzallalen et al., 2008; Patnaik
et al., 1992). We also expected that futile cycling would decrease the cellular ATP
concentration based on previous work in which expression of the F1 subunits from ATP
synthase was found to cause uncoupled ATPase activity within the cytoplasm (Koebmann et
al., 2002). Therefore, we measured growth rate, relative oxygen consumption, and ATP in
strains expressing the futile cycle enabling enzymes, and compared those to strains
expressing catalytically inactive mutants of each enzyme. The inactivating mutations were
suggested by literature: D268N for Pck (Jabalquinto et al., 2002), K609A for Acs (Starai and
Escalante-Semerena, 2004), and R246A for AtpD (Ahmad and Senior, 2004), and enzyme
assays were performed to verify successful removal of catalytic activity (Fig. S4).

Growth rates were first measured in MOPS 10 mM glucose medium for all cycles (Fig. 2A
and S9). We observed that the growth rate was not significantly suppressed for fc,q in
minimal glucose medium (Fig. S9). The fc,cs requires Ack and Pta to produce acetate to
enable cycling, so increased flux to acetate was predicted to result in more significant
cycling. We note that acetate production increases with increasing growth rate (Eiteman and
Altman, 2006), and this inspired us to test fc,c5 under rich media conditions. When we
expressed acs in EZ-rich 10 mM glucose medium, we observed a significant depression of
growth rate (Fig. 2A). In addition, since fcay, Was predicted to cycle independently of media
conditions, we also engaged this cycle in the rich media and observed a significant
depression in growth rate (Fig. 2A). When O, consumption relative to biomass production
was assayed for these four experimental scenarios, we found that strains expressing cycle-
enabling enzymes consumed significantly more O, per biomass produced than strains
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carrying their respective catalytically inactive mutants (Fig. 2B, Fig.S12). To further
confirm the presence of futile cycling, we measured ATP and observed that ATP
concentrations were significantly reduced in all cycling strains (Fig. 2C). These experiments
confirm that we were able to stimulate futile cycling in E. coli with different enzymes under
different environmental conditions. Effects on growth rate, relative oxygen consumption,
and ATP levels match predictions based on FBA and information from the literature.

3.4 Increased H,0, production in futile cycling strains

Simulations also predicted an increase in H,O, produced per biomass produced under
conditions of active futile cycling (Fig 1C). H,O5 represents a good approximation of
cumulative ROS because there is approximately a 3:1 ratio of H,O, to O,™ produced (Imlay
and Fridovich, 1991; Seaver and Imlay, 2001), and most O~ is dismutated to H,O, (Imlay
and Fridovich, 1991). To explore H,O, production experimentally, we performed Amplex
Red based experiments in an Hpx— strain (AkatE AkatG AahpCF). The Hpx- strain is
necessary because wild-type MG1655 does not accumulate measurable amounts of H,O, in
the media (Seaver and Imlay, 2001). In the Amplex Red assay, H,O, reacts with Amplex
Red Reagent in the presence of horseradish peroxidase to produce resorufin, a fluorescent
product. Using this assay we confirmed that our Hpx— strains accumulated H,0O, in the
media, whereas wild-type did not (Fig. 3). Additionally, complementation of Hpx— with
ahpCF prevented accumulation (Fig. S14). All experiments were performed with cell-free
controls, which were used as blanks for ODggg and fluorescence measurements.

When strains expressing cycle-enabling enzymes and their catalytically inactive controls
were assayed, we observed an increase in H,O; produced per ODgqg for fcayy in minimal
media (Fig. 3A), fcayp in rich media (Fig. 3B), and fcacs in rich media (Fig. 3C).
Interestingly, we were unable to perform the assay for fcpek because cycling was not
observed in the Hpx- strain, as determined by growth rate (Fig. S15). Although we did not
explore the cause of this effect, it is likely due to the rewiring of metabolism that occurs in
Hpx- due to the constitutive oxidative stress it encounters. Failure of Pck to produce a futile
cycle could be due to the close proximity of the futile cycle to pyruvate and oxaloacetate,
which are both a-ketoacids known to react with H,O, (Nath et al., 1995). If metabolites in or
near the cycle were being consumed by direct reaction with H,O,, one would expect
reduced flux through this cycle in Hpx—. We note that all Hpx— strains where cycling was
observed demonstrated an increase in H,O, production per biomass (Fig. 3), suggesting the
effect is independent of the cycle.

3.5 Increased oxidant sensitivity in futile cycling strains

Based on previous studies, we had hypothesized that futile cycling would be an effective
means to increase sensitivity toward oxidants. One study showed that inefficiencies in ATP
production or usage resulted in increased endogenous production of ROS and increased
sensitivity to oxidants (Brynildsen et al., 2013). By increasing the basal H,O, production,
we suspect the cells are closer to their threshold tolerance, beyond which they are unable to
detoxify oxidants or repair the damage they cause. Another study demonstrated that futile
cycling reduced intracellular ATP (Koebmann et al., 2002), and with knowledge that a
number of DNA repair systems that process oxidative damage rely on ATP [e.g. DinG
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(Voloshin et al., 2003), Mfd (Selby and Sancar, 1995), RecA (Galletto et al., 2006), Uvr
(Orren and Sancar, 1989), Vsr (Heinze et al., 2009)], we rationalized that reduced ATP
could also yield sensitivity to oxidative stress. Upon confirming that the endogenous H,0,
production increased and ATP levels decreased in cycling strains, we sought to test whether
oxidant sensitivity was affected by cycling. To do this, we treated cells with the model
oxidant H,0, (Diaz-Acosta et al., 2006; Martinez and Kolter, 1997; Tamarit et al., 1998;
Tkachenko et al., 2001), and measured survival as a function of time. As depicted in Figure
4, we observed significantly increased sensitivity for all strains with active cycling in
comparison to their controls. Given that different media were used and different areas of
metabolism were targeted for cycling, these data suggest a highly general relationship
between oxidative stress tolerance and futile cycling that is independent of the local
metabolic network in which the cycle is acting. The increased oxidant sensitivity would
likely originate from phenotypic changes shared by the different systems, which suggests
that depressed growth, increased ROS production, and/or reduced ATP levels would be
responsible. In addition, more generally, increased H,O, sensitivity suggests impaired H,0,
detoxification capabilities, enhanced oxidative damage, and/or impaired repair capabilities.

3.6 Increased oxidant sensitivity is not due to decreased growth rate or detoxification

capacity

In an attempt to disentangle the origins of H,0, sensitivity in futile-cycling strains, we first
measured oxidative stress tolerance in a strain experiencing nutrient-dependent growth
inhibition in comparison to an uninhibited control. Specifically, we explored the effects of
nutrient deprivation on ATP levels, H,O, production, and sensitivity to H,O, using a Aptsl
mutant of MG1655 (Fig. 5). MG1655 lacking PTS enzyme | (ptsl) is unable to metabolize
glucose (Patrick et al., 2007), so transferring this strain to minimal glucose medium will
result in growth arrest by nutrient deprivation, rather than futile cycling. As depicted in
Figure 5, we did not observe a significant difference in ATP concentration (Fig. 5A), and we
did not observe significant H,O, production in Hpx— Aptsl when compared with its
MG1655 control (Fig. 5B), which was anticipated due to the lack of glucose consumption.
When Aptsl and wild-type were assayed for H,O tolerance, we observed that Aptsl was
significantly more tolerant to H,O,. Interestingly, while the effects on growth rate
qualitatively mirror those of futile cycling strains, the ATP depletion and endogenous H,0,
production are absent, and the effect on sensitivity is reversed (p<0.05).

To test whether futile cycling enhanced H,O5 sensitivity through inhibition of detoxification
capabilities, we prepared samples identically to the sensitivity assays and measured H,0,
concentration as a function of time. None of the actively cycling strains removed H,O, more
slowly than their inactive controls (Fig. 6). Collectively, these data show the increase in
sensitivity to H,O5 is not attributable to growth inhibition or a reduced ability to detoxify
H,0,. Rather, the data suggests that increased damage and/or impaired repair mechanisms
caused the heightened oxidant sensitivity, which is consistent with the low ATP levels and
enhanced endogenous ROS production that is present in these strains.
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4. Discussion

Oxidative stress is a common challenge experienced by all microbes. O,™ and H,0, are
generated as unintended byproducts of endogenous metabolism, but they are also used as
weapons in interspecies competition. For example, ROS are a major defense used by
phagocytic cells of the innate immune system to Kill infecting pathogens (Flannagan et al.,
2009), and they are also used by microbes during niche competitions, as is the case of
Streptococcus pneumonia generating H,O» to stimulate prophage induction and cell death in
Staphylococcus aureus (Selva et al., 2009). To cope with oxidative stress, bacteria have
developed sophisticated responses that include the induction of detoxification and repair
systems such as catalase and alkyl hydroperoxidase (Cosgrove et al., 2007; Harris et al.,
2003; Hebrard et al., 2009; La Carbona et al., 2007; Li et al., 1998; Manca et al., 1999;
Yoshpe-Purer and Henis, 1976), superoxide dismutase (Bakshi et al., 2006), and DNA repair
systems [e.g. repair of single-strand breaks (Ananthaswamy and Eisenstark, 1977; Carlsson
and Carpenter, 1980), and base excision repair (Schalow et al., 2011)]. In addition, bacteria
rewire their metabolism to provide precursors to synthesize detoxification and repair
systems [e.g. amino acids, nucleotides], reducing power to drive detoxification systems
[e.g., NADH (Seaver and Imlay, 2001)], and energy and material to repair or re-synthesize
damaged biomolecules [e.g., ATP (Galletto et al., 2006; Heinze et al., 2009; Orren and
Sancar, 1989; Selby and Sancar, 1995; Voloshin et al., 2003), amino acids, nucleotides
(Schalow et al., 2011)]. These dependencies suggest that targeting metabolism would be an
effective way to sensitize bacteria to oxidants.

Recently, we discovered that metabolism could be rationally modified to increase
endogenous ROS production in E. coli, despite the fact that a high degree of uncertainty
exists with regard to the enzymes responsible for ROS production under normal growth
conditions (Brynildsen et al., 2013). This uncertainty was addressed using an ensemble
modeling approach, and it was found that increased ROS production correlated with
increased sensitivity toward oxidative stress as measured by bacterial killing (Brynildsen et
al., 2013). An observation from that study was that mutations that caused inefficiencies in
ATP production or usage increased ROS production and sensitivity to oxidative stress.
Inspired by that result and recognizing that ATP depletion could reduce the activity of DNA
repair systems (Galletto et al., 2006; Heinze et al., 2009; Orren and Sancar, 1989; Selby and
Sancar, 1995; Voloshin et al., 2003), we hypothesized that futile cycling would result in a
two-pronged attack on bacterial oxidant tolerance. With depleted ATP levels, the cell's
ability to repair the damage caused by oxidative stress was likely to be compromised
(Galletto et al., 2006; Heinze et al., 2009; Orren and Sancar, 1989; Selby and Sancar, 1995;
Voloshin et al., 2003), whereas increased endogenous H,O» production would reduce the
cells” ability to cope with additional oxidative stress.

To test our hypothesis, we used an ensemble modeling approach to predict that futile cycling
would yield a decrease in growth rate, an increase in O, consumption per biomass, and an
increase in H,O, production relative to biomass produced. Both the growth rate and O,
consumption predictions were consistent with previous simulations of futile cycles (Izallalen
et al., 2008; Sun et al., 2009), whereas the prediction of increased H,O, production was
unique to the current study due to the use of an ROS model. We confirmed these predictions
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experimentally with four distinct futile cycling systems, which operate in different areas of
metabolism and/or different media conditions. Consistent with previous investigations, futile
cycling was found to depress growth rate (Chao and Liao, 1994; Izallalen et al., 2008;
Koebmann et al., 2002), increase O, consumption (Chao and Liao, 1994; Izallalen et al.,
2008; Patnaik et al., 1992), and lower ATP concentrations (lzallalen et al., 2008; Koebmann
et al., 2002). In addition, futile cycling was confirmed to yield more H,O, production per
cell division. Further, we found that our hypothesis that futile cycling's two-pronged effect
would sensitize bacteria to oxidative stress was correct. We determined that this sensitivity
was not attributable solely to growth-rate depression, since nutrient-deprived cells are more
tolerant to H,O, in comparison to their nutrient-supplied controls. Additionally, we found
that futile cycling cells are not impaired in their ability to detoxify H,O,. Collectively, these
results suggest that the increased oxidant sensitivity in futile cycling strains is caused by
increased damage and/or impaired repair mechanisms.

Futile cycling is a process that organisms largely avoid through the use of transcriptional
and allosteric regulation (Liao et al., 1994; Xu et al., 2012). Beyond the inherent loss of
energy and resulting growth-rate depression, we have shown that futile cycling increases
endogenous ROS production, and therefore, may facilitate mutagenesis through the
accumulation of DNA damage. This fundamental knowledge on the relationship between
metabolism and oxidative stress presented here could have implications for understanding
host-pathogen interactions, as well as developing novel anti-infectives. With the ever
increasing failure rate of antibiotics (Taubes, 2008), alternative approaches such as
engineered bacteriophage have become increasingly attractive. This approach has been
explored with an enzyme that disperses biofilms (Lu and Collins, 2007) and a repressor of
genes involved in the SOS response (Lu and Collins, 2009). Analogously, bacteriophage
engineered to stimulate futile cycles could be used to sensitize bacteria to oxidants, which
are important antimicrobials of the immune system.
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Figure 1. Futile cycle effects and cycles to be experimentally assessed
Predictions on the effect of futile cycling on growth rate (A), O, consumption (B), and H,0,

production (C). Points represent the mean prediction of an ensemble of 100 models, and
error bars show the standard deviation. The O, and H»O stoichiometric coefficients used
in these models can be found in Table S4. Depictions of the Ppc-Pck, acetate, and context
independent ATP synthase futile cycles are shown in D, E, and F, respectively. Enzymes
present during growth in minimal glucose medium are shown in gray, and the reaction
required for cycling is highilighted in black.
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Figure 2. Experimental measurement of growth rate, O consumption, and ATP concentration
Effect of expression of catalytically active or inactive Pck, AtpAGD, or Acs on growth rate

(A), O, consumption relative to biomass produced (B), and ATP concentration (C). All bars

represent at least three biological replicates, and error bars represent standard error of the
mean. In each case, the active and inactive cycles are statistically different (p<0.05). In the
absence of induction, strains with plasmids encoding the active and inactive enzymes were

indistinguishable with regard to growth rate and ATP measurements (Fig. S10). Cells/ml for

a given OD6qg were found to be equivalent for the active and inactive strains (Fig. S5), and

further, the cells were found to be approximately the same size (Fig. S6 and S7).
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Figure 3. Endogenous H»O» production in cycling strains
H20, production in fcgy, in minimal media (A), fcagp in rich media (B), and fcg in rich
media (C), approximated by fluorescence of resorufin vs. ODggg in an Hpx— strain. Presence
of alkyl hydroperoxidase and catalases (MG1655) eliminates fluorescence in all cases. Each
graph represents at least three biological replicates, and error bars show the standard error of
the mean. We note that the scavenger-proficient wild-type MG1655 is able to detoxify H,0,
generated by salt-catalyzed glucose oxidation in the media (Seaver and Imlay, 2001), so the
fluorescence of this strain was sometimes below that of the blank. An asterisk (*) indicates a
strain expressing the catalytically inactive form of the cycle-enabling enzyme. Cells/ml for a
given ODggg were found to be equivalent for the active and inactive strains (Fig. S5), and
further, the cells were found to be approximately the same size (Fig. S6 and S7).
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Figure 4. Effect of futile cycling on sensitivity to HyO2
Induced cultures were treated with H,O, concentrations that yield at least 90% reduction in

CFUs in one strain (active or inactive cycle) within 2 hours. These concentrations were 4
mM H0 for fepek in MOPS 10 mM glucose medium (A), 5 mM H;0, for fcgy, in MOPS
10 mM glucose medium (B), 2 mM H,0; for fcgep in EZ-rich 10 mM glucose medium (C),
and 1.5 mM H,0, for fc,eq in EZ-rich 10 mM glucose medium (D). These assays were
performed in a wild-type MG1655 background. The p-value of the log transformed values
was <0.05 by hour 2 for all cycles. Uninduced (Fig. S16) and untreated (Fig. S17) controls
can be found in the Supplementary material.
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Figure 5. EffMs of growth inhibition through nutrient deprivation
ATP levels (A), H202 production (B), and sensitivity to oxidative stress in a nutrient

deprived strain (MG Aptsl mutant transferred to minimal glucose medium) (C) (p<0.05). In
the sensitivity assay, cultures were treated with 12 mM H,05, a concentration that led to at
least a 90% reduction in CFUs for one of the strains. At least 3 biological replicates were
performed for each experiment, and error bars represent the standard error of the mean.
Untreated sensitivity assay controls can be found in Fig. S18.

Metab Eng. Author manuscript; available in PMC 2016 May 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Adolfsen and Brynildsen

Page 24

6 . 6
A. Minimal glucose | B. Minimal glucose
=
E — fepy E o fog
ON - prCK' C;‘ - fcat *
~ 2 o~ 2 - P
< T
0 1 T T T 0 T T T
0 10 20 30 0 10 20 30
Time (min) Time (min)
C. 2 Ezrich | D. 2 EZ-rich
=~ 1.5 1 -~ 15
s - fcatp s - fCacs
E - E
o: 1 fcatp' d:‘ 1 & fc, ..
Tos - T 05 -
0 : & 0 ; ‘
0 10 20 30 0 10 20 30
Time (min) Time (min)

Figure 6. HoO2> removal by cells
H,0, concentration in the presence of cells (ODggp = 0.2) was measured at various time

points. Initial concentrations were 4 mM H,O; for fcyci in MOPS 10 mM glucose medium
(A), 5 mM H,0; for fcaep in MOPS 10 mM glucose medium (B), 2 mM H,0; for fcgyp in
EZ-rich 10 mM glucose medium (C), and 1.5 mM H,0, for fc,cq in EZ-rich 10 mM glucose
medium (D). Data points represent three biological replicates with error bars showing the
standard error of the mean.
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