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SUMMARY
The vast majority of bactericidal antibiotics display poor efficacy against bacterial persisters, cells that are in
a metabolically repressed state. Molecules that retain their bactericidal functions against such bacteria often
display toxicity to human cells, which limits treatment options for infections caused by persisters. Here, we
leverage insight intometabolism-dependent bactericidal antibiotic efficacy to design antibiotic combinations
that sterilize both metabolically active and persister cells, while minimizing the antibiotic concentrations
required. These rationally designed antibiotic combinations have the potential to improve treatments for
chronic and recurrent infections.
INTRODUCTION

Bacterial persisters are subpopulations of cells that survive

bactericidal antibiotic treatment, despite lacking genetically en-

coded antibiotic resistance determinants (Lewis, 2010). These

persister cells have been associated with chronic and recurrent

infections and, in the absence of their sterilization, can re-estab-

lish infection upon cessation of antibiotic treatment (Grant and

Hung, 2013; Mulcahy et al., 2010). This often necessitates

repeated antibiotic treatments that can last, in extreme cases,

for years (Grant and Hung, 2013). Indeed, such chronic infec-

tions are often caused by Mycobacterium tuberculosis and

Pseudomonas aeruginosa, which cause lung infections, and Es-

cherichia coli in the context of urinary tract infections (Grant and

Hung, 2013; Mulcahy et al., 2010).

Persisters are metabolically repressed, which protects these

cells from killing by most classes of bactericidal antibiotics (Ba-

laban et al., 2004; Shah et al., 2006; Prax and Bertram, 2014).

Indeed, it is well established that antibiotic efficacy is strongly

dependent on bacterial metabolic state (Lopatkin et al., 2019;

Stokes et al., 2019a). This has been extensively shown for the

b-lactam, quinolone, and aminoglycoside antibiotic classes us-

ing an array of genetic and chemical perturbations ofmetabolism

(Lopatkin et al., 2019; Lobritz et al., 2015; Gutierrez et al., 2017).

Furthermore, it has been demonstrated that the efficacy of such
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This is an open access article under the CC BY license (http://creative
antibiotics against bacterial persisters necessitates co-adminis-

tration of carbon sources for metabolic activation (Allison et al.,

2011; Meylan et al., 2018). Interestingly, however, there are ex-

amples of molecules not within these common classes that

retain bactericidal efficacy against metabolically repressed cells,

suggesting that functionally discrete bactericidal antibiotics

have varying metabolic requirements for bacterial cell killing

(McCall et al., 2019; Grassi et al., 2017; Kwan et al., 2015;

Chowdhury et al., 2016; Eng et al., 1991; Conlon et al., 2013; De-

fraine et al., 2018). Examples of compounds that retain bacteri-

cidal efficacy against persister cells include colistin (McCall

et al., 2019; Grassi et al., 2017) and the DNA cross-linking anti-

cancer drug mitomycin C (Kwan et al., 2015).

These compounds are promising candidates for treating

chronic and recurrent infections due to their ability to eradicate

bacteria in diverse metabolic states. However, toxicity to human

cells has limited the widespread use of these molecules in the

clinic. Indeed, previous work has shown that 65%–85% of pa-

tients receiving colistin at plasma concentrations higher than

2.2 mg/mL exhibit signs of nephrotoxicity (Sorlı́ et al., 2013,

2017). Although the clinical use of colistin was limited beginning

in the 1970s in favor of less toxic options, the high prevalence of

antibiotic-resistant Gram-negative pathogens has forced the re-

introduction of colistin for specific clinical applications in recent

years, despite its unfavorable toxicity profile (Poirel et al., 2017).
20 The Authors. Published by Elsevier Ltd.
commons.org/licenses/by/4.0/).
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Figure 1. Strongly Dependent on Metabolism (SDM) and Weakly Dependent on Metabolism (WDM) as Descriptors of Bactericidal Antibiotic

Efficacy under Diverse Metabolic States

(A–E) Killing of E. coli in 0%, 0.1%, 1%, 10%, or 100% LB in PBS for 3 h in biological duplicates. Light to dark shading indicates increasing medium richness. (A)

Ampicillin, (B) ciprofloxacin, (C) gentamicin, (D) colistin, (E) mitomycin C.

(F) Intracellular ATP concentration as a function of medium richness. Data are representative of four biological replicates; error bars represent SEM.

(G–K) Bacterial survival as a function of intracellular ATP concentration. Killing data from antibiotic concentrations 23 MIC and greater from (A–E) are included.

Light to dark shading represents increasing antibiotic concentration. Data are representative of two biological replicates. (G) Ampicillin, (H) ciprofloxacin, (I)

gentamicin, (J) colistin, (K) mitomycin C.

(legend continued on next page)
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In addition, mitomycin C causes a range of toxicities, including

thrombocytopenia and leukocytopenia (Verweij and Pinedo,

1990). Consequently, the widespread use of these compounds

to treat bacterial infections is unfavorable, despite their efficacy

against metabolically repressed populations.

Safe and effective methods to eradicate bacteria regardless of

metabolic state are critically needed. Currently, however, the

direct comparison of metabolic dependencies between discrete

antibiotic classes is limited by varying experimental conditions

across studies (McCall et al., 2019; Grassi et al., 2017; Kwan

et al., 2015; Chowdhury et al., 2016; Eng et al., 1991; Conlon

et al., 2013). Here, we investigate the metabolic dependencies

of various bactericidal antibiotic classes under standardized

conditions. We subsequently leverage this insight to rationally

design antibiotic combinations that sterilize both metabolically

active and persister cells, while simultaneously dose-sparing.

These synergistic combinations provide an important proof of

concept toward the development of therapies for chronic and

recurrent infections, while minimizing toxicity to patients.

RESULTS

Quantification of Metabolism Dependence across
Antibiotic Classes
We tested the bactericidal efficacy of functionally diverse antibi-

otics against E. coli BW25113 in an array of nutrient availabilities

that modulate metabolic state (Shimizu, 2014; Mok and Brynild-

sen, 2019) (Figures 1A–1E).We assayed ampicillin, ciprofloxacin,

and gentamicin as representative members of the b-lactam, qui-

nolone, and aminoglycoside classes, respectively. In parallel, we

tested colistin and mitomycin C as molecules reported to

demonstrate bactericidal efficacy against metabolically

repressed cells (McCall et al., 2019; Grassi et al., 2017; Kwan

et al., 2015). Consistent with previous literature (Lopatkin et al.,

2019; Lobritz et al., 2015; Gutierrez et al., 2017; McCall et al.,

2019; Grassi et al., 2017; Kwan et al., 2015), ampicillin and cipro-

floxacin lost significant bactericidal efficacy against nutrient-

depleted cells, whereas colistin and mitomycin C retained this

activity. Gentamicin exhibited concentration-dependent bacteri-

cidal efficacy against resource-depleted cells; specifically, at

concentrations >153 the minimum inhibitory concentration

(MIC) (Figure S1A), we observed significant bacterial cell killing

under nutrient-depleted conditions (Figure 1C). Importantly,

intracellular ATP concentrations correlated with medium rich-

ness (Figure 1F), consistent with the notion that the observed

antibiotic efficacies were associated with bacterial metabolic

state (Lopatkin et al., 2019). We note here that we observed

increased gentamicin efficacy at low drug concentrations in

10% and 1% LB relative to 100% LB, which could be partially

rescued by supplementation with L-cysteine at a concentration

similar to 100% LB (Sezonov et al., 2007) (Figures S2D and

S2E). These observations are consistent with the previously re-

ported protective effect of H2S from aminoglycoside lethality

(Shatalin et al., 2011; Luhachack et al., 2019).
(L) Comparing the metabolic dependence of bactericidal antibiotic efficacy. Cent

each antibiotic concentration are shown, with light to dark shading indicating inc

and R2) are shown in Table S1.

(M) Describing antibiotic efficacy in relation to bacterial metabolic state.
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Next, across our set of functionally diverse bactericidal antibi-

otics, we analyzed bacterial cell killing as a function of metabolic

state. Employing the relationship between media richness and

intracellular ATP concentration, we utilized our cell viability

data shown in Figures 1A–1E and plotted survival against intra-

cellular ATP for antibiotic concentrations 23 MIC and greater

(Figures 1G–1K). We then performed linear regression on the

cell survival/intracellular ATP relationship for each antibiotic, at

every concentration, to acquire ameasure ofmetabolism depen-

dence for eachmolecule (Table S1). We took the negatives of the

resultant slopes as the measures of metabolism dependence,

such that greater positive values indicate increasing depen-

dence on metabolism. Finally, we averaged these values across

concentrations to obtain the mean metabolism dependence for

each antibiotic.

Plotting metabolism dependence for our five representative

bactericidal antibiotics, we observed unique metabolic depen-

dencies (Figure 1L), based on which we propose two broad def-

initions that describe antibiotic behavior across metabolic states

(Figure 1M). Drugs whose killing has little dependence on intra-

cellular ATP concentration (and therefore metabolic state),

such as mitomycin C and colistin, are referred to as weakly

dependent on metabolism (WDM). Ampicillin and ciprofloxacin,

whose efficacies clearly correlate with bacterial metabolic state,

are referred to as strongly dependent on metabolism (SDM).

Gentamicin presents an intriguing case, where at lower concen-

trations SDM behavior is observed, but at higher concentrations

WDM behavior is observed. We posit that this concentration-

dependent shift in metabolic-dependent bactericidal efficacy is

perhaps due to disruption of the cell envelope at higher concen-

trations, as has been described previously (Bulitta et al., 2015;

Martin and Beveridge, 1986).

We note here that while nutrient availability is an effective

means through which bacterial metabolic state can be modu-

lated, previous work has shown that treatment of cells with

bacteriostatic antibiotics also suppresses metabolic activity (Lo-

britz et al., 2015; Lin et al., 2014), which inhibits further killing by

bactericidal antibiotics from the b-lactam, quinolone, and amino-

glycoside classes (Lobritz et al., 2015; McCall et al., 2019).

Indeed, we confirmed that a 30-min pre-treatment with the

bacteriostatic agent chloramphenicol protected E. coli from

killing by ampicillin, ciprofloxacin, and gentamicin, but not from

colistin and mitomycin C (Figures S2G–S2K), consistent with

our observations of bacterial cell killing by these antibiotics in

media of varying richness.

Combinations of SDM and WDM Antibiotics Sterilize
Bacterial Cultures and Are Dose-Sparing
We hypothesized that the concentration of WDM antibiotic

required to sterilize cultures could be reduced by first utilizing

an SDM antibiotic to eliminate metabolically active bacteria

(Figure 2A, left). Indeed, the goal of such combinations is

2-fold: first, to efficiently sterilize the culture of both active and

persister cells, and second, to dose-spare the amount of WDM
er bars represent the mean, and individual metabolism dependence values at

reasing concentration. Error bars represent SEM. Regression statistics (slope
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Figure 2. Rational Combinations of SDM and WDM Antibiotics Sterilize Cultures While Dose-Sparing

(A) Schematic of combination treatment. (Left) E. coli was grown to �106 CFU/mL and 2-fold serial dilutions of an SDM antibiotic were added for 3 h to eliminate

metabolically active cells (blue). Next, 2-fold serial dilutions of aWDMantibiotic were added for an additional 3 h, eradicating remaining persisters (orange). (Right)

(legend continued on next page)
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antibiotic—generally, the more toxic molecule—relative to WDM

antibiotic monotherapy.

To empirically validate this combination strategy, we first

determined the amount of WDM antibiotic needed to sterilize a

culture as a single agent. We observed that over a 3-h exposure,

2.5 mg/mL colistin alone, or 10 mg/mL mitomycin C alone, is

required to sterilize �106 CFU/mL of E. coli in LB medium (Fig-

ures 2B and 2C). We next assayed the combination of ampicillin

(an SDM antibiotic) and colistin (a WDM antibiotic). Here, cells

were treated with 2-fold serial dilutions of ampicillin for 3 h, fol-

lowed by 2-fold serial dilutions of colistin for an additional 3 h,

creating a checkerboard with varied concentrations of both

compounds, which were then plated and evaluated for cell sur-

vival. In these killing checkerboards, we sought to distinguish be-

tween three possible outcomes: (1) loss of sterilization, wherein

SDM antibiotic treatment antagonized the activity of WDM anti-

biotics; (2) sterilization of persisters by the WDM antibiotic in the

absence of dose-sparing; or (3) sterilization with dose-sparing of

the WDM antibiotic (Figure 2A, right).

We observed that even at 256 mg/mL, ampicillin alone was

insufficient to sterilize the culture, leaving 103–104 CFU/mL

persister cells (Figures 2D and S1B). However, the addition of

colistin following ampicillin exposure sterilized the persister sub-

population, and the amount of colistin required for sterilization

could be reduced 4-fold in combination, indicating successful

sterilization with dose-sparing (Figures 2D and S3A). Analysis

of killing dynamics of the combination treatment revealed that

persisters that survive SDM antibiotic treatment are killed at

similar rates by colistin relative to the use of colistin as a

monotherapy (Figures 2G and S1B). Importantly, the reduced

colistin concentration needed for persister sterilization in the

combination regimen is below its EUCAST breakpoint of 2 mg/

mL (The European Committee on Antimicrobial Susceptibility

Testing, 2020).

Further investigation into this antibiotic combination strategy

revealed additional combinations of SDM and WDM antibiotics

that sterilized cultures while simultaneously dose-sparing,

such as ampicillin and mitomycin C, with a 4-fold reduction

in mitomycin C required for sterilization (Figures 2E, 2H, and

S3B), and ciprofloxacin and colistin, with 2-fold dose-sparing

for colistin (Figure S3C). Notably, gentamicin (at SDM concen-

trations) and colistin allowed for a remarkable 16-fold reduc-

tion in the concentration of colistin required for sterilization

(Figures 2F, 2I, and S3D). Up to 16-fold dose-sparing with

colistin was also observed in combination with the aminogly-

coside kanamycin (Figures S2A–S2C and S3E), showing the

generalizability of the aminoglycoside-colistin dose-sparing.
Combinations were evaluated for both culture sterilization and dose-sparing. Th

represent areas of higher cell density.

(B and C) Sterilization of cultures by WDM antibiotics alone. E. coli was grown to

representative of two biological replicates.

(D–F) Bacterial cell killing checkerboard assays conducted as described in (A) usin

colistin (F). Data from (B) or (C) are displayed as a heatmap below each checkerb

two biological replicates. Individual replicates are shown in Figure S3. Darker bo

(G–I) Kinetic analysis of combination treatment for ampicillin and colistin (G), amp

concentration of WDM antibiotics added in mg/mL at t = 3 h. Data are representa

(J–L) Density dependence of WDM antibiotics. Overnight cultures of E. coliwere s

mitomycin C (L) was added for 3 h. Data are representative of two biological replic

dark shading indicating increasing initial cell density.
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Indeed, for these combinations, sterilization of persisters could

be achieved near the MIC of colistin and far below the clinical

breakpoint concentration. Taken together, these data suggest

that combinations of SDM and WDM antibiotics allow for the

sterilization of both metabolically active cells and persister

cells, while dose-sparing the commonly more toxic WDM

antibiotic.

We posit that the mechanism of the observed WDM antibiotic

dose-sparing can be attributed to the correlation of WDM anti-

biotic bactericidal potency with culture density. Indeed, lower

concentrations of WDM antibiotic are required to sterilize cul-

tures of lower density (Figures 2J–2L). Therefore, first eliminating

the majority of metabolically active cells with an SDM antibiotic

lowers the concentration of WDM antibiotic required for steriliza-

tion. However, it should be noted that this density dependence

does not account for the enhanced dose-sparing between ami-

noglycosides and colistin, compared with ampicillin and cipro-

floxacin in combination with colistin, as initial treatment by all

SDM antibiotics tested herein resulted in similar persister frac-

tions. It is possible that the additional dose-sparing observed be-

tween aminoglycosides and colistin may be due to the effect of

non-lethal damage on the cell envelope inflicted by aminoglyco-

sides that renders bacteria more vulnerable to colistin lethality

and acts synergistically with colistin-mediated destabilization

of the outer membrane. Further work is needed to elucidate

the precise mechanism of the enhanced aminoglycoside-colistin

dose-sparing.

WDM Antibiotics Are Required for Sterilization of
Persister Cells
To test whether the observed dose-sparing and culture steriliza-

tionwere specific to the combination of SDMantibiotics followed

byWDMantibiotics, we treated E. coliwith ampicillin followed by

ciprofloxacin, two SDM antibiotics. Ciprofloxacin failed to

sterilize the persister subpopulation remaining after ampicillin

exposure, suggesting that WDM antibiotics are required for ster-

ilization (Figures 3A and S3F). Indeed, this was also observed

with the combination of ciprofloxacin followed by ampicillin, in

which ampicillin was ineffective against the persister subpopula-

tion remaining after ciprofloxacin exposure (Figures 3B and

S3G). Interestingly, we observed that gentamicin exhibited min-

imal, but detectable, activity against ampicillin and ciprofloxacin

persisters even at concentrations at which its behavior would be

considered SDM-like as a monotherapy, highlighting the dual

SDM/WDM nature of aminoglycosides that is dependent on

both drug concentration and culture conditions (Figures 3C,

3D, S3H, and S3I).
ree possible outcomes are depicted. Darker boxes in model checkerboards

�106 CFU/mL, then colistin (B) or mitomycin C (C) was added for 3 h. Data are

g ampicillin and colistin (D), ampicillin andmitomycin C (E), and gentamicin and

oard for evaluation of dose-sparing efficacy. Data are representative of at least

xes represent higher survival. Culture density scale is shown at the right.

icillin and mitomycin C (H), and gentamicin and colistin (I). Legends show the

tive of two biological replicates.

erially diluted 10-fold to create a gradient of cell densities (J), then colistin (K) or

ates. Shading in (K) and (L) matches cell densities displayed in (J), with light to
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Interactions between SDM and WDM Antibiotics Are
Undetectable in Conventional Growth-Inhibition Assays
The chemical-chemical interactions between two antibiotics

are conventionally assessed using growth-inhibition checker-

board assays (Tyers and Wright, 2019). However, growth inhibi-

tion does not inform on antibiotic efficacy as defined by bacte-

rial cell death, particularly under the nutrient-depleted

conditions considered in this study, where bacterial population

expansion is not possible (Traczewski et al., 2009; Brauner

et al., 2016). Nonetheless, to determine whether interactions

could be detected between SDM and WDM antibiotics using

conventional growth-inhibition checkerboard approaches, we

performed these assays and calculated fractional inhibitory

concentration indices (FICIs) for each antibiotic combination.

Indeed, the dose-sparing effects observed in our bacterial

cell-killing checkerboards are absent in growth-inhibition

checkerboards, with FICIs ranging between 1 and 2 (Tyers

and Wright, 2019) (Figures 4A–4C and S4). The absence of

any observable interactions in the context of growth inhibition

highlights the fact that these assays limit the detection of

viability-based phenotypes that are relevant to infection set-

tings, such as the roles of population heterogeneity and meta-

bolic state in antibiotic efficacy (Meylan et al., 2018; Cornforth

et al., 2018).

We note here that colistin is well known to potentiate high-mo-

lecular-weight and hydrophobic antibiotics under growth-inhibi-

tion conditions due to its ability to disrupt and permeabilize the

Gram-negative cell envelope (Gordon et al., 2010; Brennan-

Krohn et al., 2018; MacNair et al., 2018). Importantly, because

we did not observe synergy via growth inhibition between com-

pounds that dose-spare under killing conditions, and given that

the compounds that dose-spare with colistin under killing condi-

tions are not large nor have significant hydrophobic properties, it

is unlikely that the interactions we observe in this context are

attributed simply to increased antibiotic permeability into the

cell. Moreover, mitomycin C is not known to damage the bacte-

rial cell membrane, yet dose-sparing was seen in killing checker-

boards when used in combination with ampicillin, further

supporting the notion that our observations are not simply the

result of enhanced permeability.
MaximumDose-Sparing ofWDMAntibiotics Is Observed
in Staggered Killing Checkerboards
Conventional antibiotic checkerboard assays monitoring growth

inhibition involve simultaneous addition of both compounds,

whereas the combination treatment presented herein staggers

the addition of each antibiotic. To examine the effect of sequen-

tial antibiotic treatment in killing checkerboards, we adminis-

tered ampicillin and colistin simultaneously for 3 h. We observed

that dose-sparing and sterilization still occurred, although dose-

sparing in this context was diminished relative to the staggered

addition (Figures 4D and S3J). Simultaneous administration of

gentamicin and colistin similarly resulted in less dose-sparing

than the staggered administration (Figures 4E and S3K). As ex-

pected, no sterilization or dose-sparingwas observedwhen cells

were treated simultaneously with two SDM antibiotics, ampicillin

and ciprofloxacin (Figures 4F andS3L). Additional work to under-

stand the importance of staggered antibiotic treatment to maxi-

mize combination efficacy is warranted.

DISCUSSION

In recent years, the link between metabolically repressed, anti-

biotic-tolerant bacteria and chronic and recurrent infections

has become increasingly evident (Grant and Hung, 2013; Mul-

cahy et al., 2010; Meylan et al., 2018). The strong metabolism

dependence of conventional antibiotics from the b-lactam, qui-

nolone, and aminoglycoside classes significantly limits their effi-

cacy against such recalcitrant infections (Lopatkin et al., 2019;

Lobritz et al., 2015; Gutierrez et al., 2017). As a result, there

has been growing interest in the discovery of treatments whose

efficacy is unaffected by perturbations in metabolic state (De-

fraine et al., 2018). Here, our assessment of an array of functional

classes of bactericidal antibiotics reveals a broad range of meta-

bolic dependencies in the context of bactericidal efficacy. More-

over, our work provides a valuable metric for quantifying these

dependencies, which can be widely adopted to evaluate the

bactericidal capabilities of compounds in infection-relevant

settings.

These differences in metabolic dependencies among bacteri-

cidal antibiotics can be harnessed to rationally design effective
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Figure 4. Interactions between SDM and WDM Antibiotics Are Maximized in Staggered Killing Checkerboards

(A–C) Growth-inhibition checkerboards with combinations of ampicillin and colistin (A), ampicillin and mitomycin C (B), and gentamicin and colistin (C). Data are

representative of three biological replicates. Individual checkerboard replicates are shown in Figure S4. Darker boxes represent increased optical density. Optical

density scale is shown at the far right.

(D–F) Killing checkerboards where both antibiotics are added simultaneously for 3 h. Ampicillin and colistin (D), gentamicin and colistin (E), and ampicillin and

ciprofloxacin (F) combinations are shown. Data are representative of two biological replicates; individual replicates are shown in Figure S3. Cell density scale is

shown at the far right.
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treatments that take into consideration the diversity of metabolic

states present in a clonal culture. Indeed, along with what we

show herein, there is precedent for this approach in anti-cancer

drug discovery, wheremetabolic insight has informed the design

of drug combinations (Wang et al., 2019; Lee et al., 2019; Kishton

and Rathmell, 2015; Pribluda et al., 2015). For instance, cells that

tolerate the anti-cancer drug sorafenib have upregulated expres-

sion of the glycolytic enzyme HK2, and a combination of sorafe-

nib and 2-deoxy-D-glucose, an inhibitor of HK2, was shown to

cause persister cell apoptosis and reduced tumor growth in

mice (Wang et al., 2019). Building off these metabolic principles,

the discovery of treatments that are effective against bacterial

pathogens in infection-relevant settingswill likely require assess-

ing metabolic phenotypes beyond conventional growth-based

assays and examining lethality in multiple metabolic contexts

(Stokes et al., 2019b).

As we continue to use antibiotics in the clinic and increasingly

search for antibacterial molecules in the face of heightened anti-

biotic resistance, an important question to consider is whether

WDMantibiotics, simply by virtue of their mechanisms, will inher-

ently cause toxicity to human cells (Hurdle et al., 2011). If this is

the case, the use of combination treatments that account for the

metabolic heterogeneity of bacterial pathogens, aswell as the in-

fluence of bacterial metabolic state on antibiotic efficacy, will be

essential to allowmore tolerable therapies for chronic and recur-

rent infections.
1550 Cell Chemical Biology 27, 1544–1552, December 17, 2020
SIGNIFICANCE

Few bactericidal antibiotics are effective against metaboli-

cally repressed bacterial persisters, and those that are

cause toxicity to human cells. Our inability to effectively

eradicate persisters in the clinic has been linked to chronic

and recurrent infections, and as a result there has been

growing interest in discovering molecules that retain effi-

cacy against such metabolically repressed cells. Here, we

develop a metric for evaluating the metabolic dependencies

of various antibiotic classes that can be broadly applied to

assess the efficacy of compounds against cells in diverse

metabolic states. Moreover, we apply this metabolic insight

to design combination treatments that sterilize bacterial cul-

tures, including persister cells, while reducing the amount of

toxic antibiotics required. This work demonstrates the utility

of ametabolism-focused approach to antibiotic therapy that

accounts for the heterogeneity present in bacterial cultures.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

Escherichia coli BW25113 CGSC CGSC# 7636

Chemicals, Peptides, and Recombinant Proteins

Ampicillin sodium salt Sigma-Aldrich Cat# A0166

Ciprofloxacin Sigma-Aldrich Cat# 17850

Gentamicin sulfate salt Sigma-Aldrich Cat# G1264

Kanamycin sulfate Sigma-Aldrich Cat# 60615

Colistin sulfate salt Sigma-Aldrich Cat# C4461

Mitomycin C Cayman Chemical Cat# 11435

Chloramphenicol Sigma-Aldrich Cat# C0378

L-cysteine Sigma-Aldrich Cat# C7352

L-alanine Sigma-Aldrich Cat# A7469

Adenosine 50-triphosphate disodium salt

hydrate

Sigma-Aldrich Cat# A2383

Critical Commercial Assays

BacTiter-Glo Microbial Cell Viability Assay Promega Cat# G8230

Software and Algorithms

Prism 8 Graphpad https://www.graphpad.com/scientific-

software/prism/
RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to James J. Collins (jimjc@mit.edu).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
This study did not generate new code. Data supporting this study are available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

E. coli BW25113 was used as the experimental model for all experiments. Experiments were conducted at 37�C as described.

METHOD DETAILS

Antibiotic Efficacy in Varied Nutrient Levels
Single colonies of E. coli BW25113 were picked from solid Luria-Bertani (LB) agar, inoculated into 3 mL of liquid LB, and grown over-

night at 37�Cwith 300 r.p.m. shaking. Overnight cultures were diluted 1 in 10,000 into 25mL of LB and sub-cultured at 37�Cwith 300

r.p.m. shaking until OD600 reached 0.1-0.2 (�4 hours), then centrifuged at 4000 x g for 15 minutes at 4�C. The cell pellet was washed

three times with ice-cold phosphate buffered saline (PBS), and nutrient-limited conditions were created by re-suspending cells in 0,

0.1, 1, 10, or 100% LB in PBS, then incubating for two hours at 37�C with 300 r.p.m. shaking. All cultures were then back-diluted in

their respective nutrient conditions to an OD600 of 0.01 (�106 CFU/mL) to normalize cell density across nutrient conditions at the time

of antibiotic addition. An aliquot of cells was taken out for plating to quantify the starting cell density, then cells were distributed into

96-well round-bottom clear polypropylene plates (Corning) to a final volume of 100 mL with antibiotic. Plates were sealed using Aer-

aSeal membranes (Sigma-Aldrich) and incubated for three hours at 37�C with 900 r.p.m. shaking. Next, plates were centrifuged for

sevenminutes at 4000 x g at 4�C, then resuspended in an equal volume of PBS to remove antibiotic. Cells were serially diluted 10-fold
Cell Chemical Biology 27, 1544–1552.e1–e3, December 17, 2020 e1
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in PBS, spotted on LB agar plates, and incubated overnight at 37�C. In caseswhere the number of CFUswas below this limit of detec-

tion, the entire undiluted well volume (100 mL) was spread on LB agar for counting. Log survival (as in Figures 1G–1K and S2B) was

determined by dividing the CFU/mL viability after three-hour antibiotic treatment by the starting CFU/mL prior to antibiotic treatment

to obtain % survival. This value was then log-transformed to obtain log survival.

Effect of L-cysteine Addition
Cells were grown as described above for varied nutrient conditions, except 1mML-cysteine or 1mML-alanine was added during the

two-hour incubation period in 10% or 1% LB. Cultures were then back-diluted to�106 CFU/mL in the same media containing either

1 mM L-cysteine or 1 mM L-alanine, and treated with gentamicin or kanamycin as described above for three hours.

Quantification of ATP Levels
Cells were grown as described above for varied nutrient levels, except directly after the two-hour incubation period, cells were centri-

fuged at 4000 x g at room temperature for four minutes and re-suspended in an equal volume of PBS to remove differential media

effects from the luminescence-based ATP assay. At this point, OD600 wasmeasured using a Spectramax M3 plate reader (Molecular

Devices) with 100 mL volume in a 96-well clear polypropylene plate (Corning). Next, ATP was measured using the BacTiter Glo assay

kit (Promega) in a white opaque 96-well plate (Corning), according to the manufacturer’s instructions. A standard curve was created

using 10-fold dilutions of purified ATP in PBS and utilized to calculate the micromolar ATP concentration within bacterial samples,

which was then normalized by OD600. Luminescence was recorded in technical triplicate.

Determination of Metabolism Dependence
For each antibiotic, a linear regression was performed at each antibiotic concentration for data in Figures 1G–1K and S2B, with 10

points per regression. Slopes were then multiplied by -1, such that greater positive values indicate a higher metabolic dependence,

and averaged across concentrations. All linear regressions were performed using GraphPad Prism 8.

Bacteriostatic Pre-treatment
E. coli BW25113 was grown overnight in 3 mL of LB at 37�C with 300 r.p.m. shaking, then diluted 1 in 10,000 into 25 mL of LB. This

subculture was grown for 2.5 hours at 37�Cwith 300 r.p.m. shaking to OD600 0.01, then distributed into 96-well plates. Chloramphen-

icol (20 mg/mL) or a vehicle (ethanol) control was added for 30 minutes prior to addition of bactericidal drugs for three hours. Plates

were incubated at 37�C with 900 r.p.m. shaking, then centrifuged at 4000 x g at 4�C to remove antibiotic. Cells were serially diluted

10-fold in sterile PBS and 7 mL was plated on LB agar for counting, except in conditions where survival was below this limit of detec-

tion and thus the whole undiluted well volume was spread and counted.

Time-Kill Curves
Colonies of E. coli BW25113 were picked into 3 mL of LB and grown overnight at 37�C with 300 r.p.m. shaking. Subcultures were

initiated by diluting overnight cultures 1 in 10,000 into 25 mL of LB and incubating for 2.5 hours at 37�C with 300 r.p.m. shaking until

the OD600 reached 0.01. Cells were then distributed into 96-well plates, antibiotic was added, and plates were sealed and incubated

at 37�C with 900 r.p.m. shaking. Plates were taken out at 0, 1, 2, 3, and 6 hours after antibiotic addition to assess survival. For CFU

counting, plates were centrifuged at 4000x g at 4�C to remove antibiotic, then serially diluted 10-fold in sterile PBS. 7 mL was spotted

on LB agar, or the whole well volume was spread where necessary to improve the limit of detection.

Density Dependence of WDM Antibiotics
Cultures of E. coli BW25113 were grown overnight in 3 mL of LB at 37�C with 300 r.p.m. shaking, then serially diluted 10-fold in fresh

LB to create a gradient of culture densities ranging from 103 to 109 CFU/mL. Cells were then distributed into 96-well plates with two-

fold dilutions of antibiotics and incubated at 37�Cwith 900 r.p.m. shaking for three hours. Plates were centrifuged at 4000 x g and 4�C
then serially diluted in sterile PBS. 7 mL was spotted on LB agar for counting, except where cell counts were below this limit of detec-

tion and the entire well volume was spread.

Killing Checkerboards
For killing checkerboards, overnight cultures of E. coliBW25113 were grown in 3mL of LB at 37�Cwith 300 r.p.m. shaking. Overnight

cultures were then diluted 1 in 10,000 into 25 mL of LB and grown for 2.5 hours at 37�C with 300 r.p.m. shaking to OD600 0.01, then

distributed into 96-well plates. Antibiotics were serially diluted two-fold, and the first antibiotic was added for three hours; then the

second antibiotic was added for another three hours to create a checkerboard array of concentrations. Antibiotic treatment was con-

ducted at 37�C with 900 r.p.m. shaking. Following treatment, plates were centrifuged at 4000x g and 4�C to remove antibiotic, then

cells were serially diluted 10-fold in sterile PBS. 7 mLwas then spotted on LB agar, except for where cell counts were below this limit of

detection and the whole undiluted well volume was spread. At least two biological replicates were conducted for each killing check-

erboard, and the means for each condition were taken. Individual replicates of killing checkerboards are shown in Figure S3. In all

killing checkerboard representations, the first antibiotic added is depicted on the vertical axis, and the second antibiotic added is
e2 Cell Chemical Biology 27, 1544–1552.e1–e3, December 17, 2020
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on the horizontal axis. For kinetic analysis, plates were taken out every hour after antibiotic addition for serial dilution and plating. For

simultaneous killing checkerboards, both antibiotics were added together for three hours directly after the 2.5-hour subculture, then

survival was evaluated.

Growth-Inhibition Checkerboards and MIC
Overnight cultures of E. coli BW25113 were grown in 3 mL of LB, then diluted 1 in 10,000 into fresh LB and distributed into 96-well

plates with two-fold serial dilutions of indicated antibiotic(s) in a final volume of 100 mL. Plates were incubated for 24 hours at 37�C
with 900 r.p.m. shaking, then read at OD600 on a Spectramax M3 plate reader. For checkerboards, the FICI was calculated as

FICI =
MICAB

MICA

+
MICBA

MICB

where MICA is the MIC of drug A alone, MICB is the MIC of drug B alone, MICAB is the MIC of drug A in combination with drug B, and

MICBA is theMIC of drug B in combination with drug A. An FICI of%0.5 is indicative of synergy, andR4 indicates antagonism. Values

in between 0.5 and 4 indicate no interaction. Three biological replicates were conducted for each checkerboard, and themean values

were used in calculating the FICI. Individual checkerboard replicates are shown in Figure S4.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of biological replicates andmeaning of error bars can be found in the figure legends or in the upper right corner of check-

erboards. Graphpad Prism 8was used to perform linear regressions of data in Figures 1G–1K and S2B, with 10 points per regression.

Linear regression statistics (slope and R2) are shown in Table S1.
Cell Chemical Biology 27, 1544–1552.e1–e3, December 17, 2020 e3
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