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Abstract

Antibiotics are often credited with being one of the major forces behind the expansion of
human life expectancy in the past 60 years. Yet at the root of this advancement lies its potential
undoing: using antibiotics promotes the emergence and spread of resistant strains, reducing the
efficacy of the drugs. Now, rising antibiotic resistance threatens to undo much of the progress of
modern medicine. To halt the rise of resistance and preserve the activity of antibiotics, we must
find ways to neutralize, modulate, or even invert the evolutionary advantage of resistant strains.
Chapter 1 reviews three strategies to overcome antibiotic resistance through the sequential or
concurrent use of multiple drugs: resistance mechanism inhibitors, synergistic, antagonistic, and
suppressive drug interactions, and collateral sensitivity.

Collateral sensitivity occurs when a bacterium acquires a mutation or gene that provides
resistance to one drug, but makes them more susceptible to others. This new vulnerability can
therefore be exploited to select against resistance mechanisms. Chapter 2 describes a screening
strategy, based on direct competition between antibiotic resistant and susceptible strains, for
identifying compounds that select against antibiotic resistance genes and cassettes. Using this
approach we identified two compounds — 3-thujaplicin and disulfiram —that select against the

TetA tetracycline resistance pump in E. coli. Furthermore, we demonstrate a two-phase treatment

i



paradigm in which p3-thujaplicin drives a tetracycline resistant population back to susceptibility,
allowing successful second-phase treatment with tetracycline.

Chapter 3 examines the consequences of linking two antibiotics—ciprofloxacin and
neomycin—into one hybrid compound. We compared the cross-resistance and genotypic profiles
of strains evolved in the hybrid to those evolved in mixtures of its two components. We find that
the hybrid inhibits bacterial growth through its ciprofloxacin moiety, but prevents resistance
through its neomycin moiety by avoiding a common multiple antibiotic resistance pathway. As a
result, strains evolved in the hybrid gain less resistance than those evolved in an unlinked
mixture. This indicates that linking two drugs can surpass traditional unlinked combination
therapy in its ability to prevent resistance.

Finally, Chapter 4 discusses the implications of this work and possible directions for

future research in treating antibiotic resistance.
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Chapter 1: Chemical strategies to overcome antibiotic

resistance!

Antibiotic treatment has two tightly linked effects: the desired, immediate effect of inhibiting
bacterial growth and the undesired, long-term effect of promoting the evolution of resistance.
These two effects seem inextricably linked, and indeed they cannot be decoupled with any single
drug treatment. However, recent work suggests three strategies in which drugs can be combined
to inhibit bacteria without selecting for long-term resistance. Resistance mechanism inhibitors
can be used to bypass common resistance genes. Synergistic, antagonistic, and suppressive drug
interactions can be used to modulate and even invert the selection for resistance. Finally,
collateral sensitivity can be used to restrict the spontaneous evolution of resistance and exploited
to cure a population of its resistance gene or cassette, allowing successful follow-up treatment

with antibiotics.

! Parts of this work will lead to a review article in collaboration with Michael Baym and Roy
Kishony.



Introduction

Antibiotics have been one of the most important advances in modern medicine, both for
curing infectious disease and allowing advances in surgery and immunotherapy. However, since
the advent of antibiotic therapies, resistance has threatened this progress'. In the intervening
decades resistance has become widespread and today many first-generation antibiotics are all but
ineffective® . We have thus far avoided a crisis through the continued discovery of new
antibiotic compounds and the improvement of existing scaffolds. However, resistance rates
continue to grow even as the rate of antibiotic discovery drops substantially®. In order to prevent
or delay the loss of all antibiotics, new treatment strategies are urgently needed. Specifically, we
need treatment strategies that limit or redirect the course of resistance evolution.

Resistance evolves as a direct consequence of the defining feature of antibiotics: the
inhibition of bacterial growth. By using antibiotics, we not only treat the infection, but also select
for resistant strains. These mutants are less affected by the drug and thus rapidly spread
throughout a population, eventually rendering the drug ineffective. These two effects—the short-
term inhibition of growth and the long-term evolution of resistance—are inherently linked and
cannot be decoupled by any single drug treatment. However, there is evidence that with
particular combinations of compounds the conflicting effects of antibiotic therapy can be
decoupled. Recent work suggests ways in which bacteria can be inhibited without selecting for
resistance.

The enabling observation is that drug target inhibition and drug resistance can have
pleiotropic effects. A bacterium’s response to a drug can therefore have secondary consequences
that change its response to other compounds. The ability to evolve resistance seems vast, but

recent evidence suggests that the space of possible spontaneous resistance mutations is limited.



This, in turn, would suggest that evolutionary channels may exist through which resistance can
be suppressed or even reversed.

Three primary mechanisms have been studied as possible ways of decoupling the
evolutionary chain that leads to resistance. First, specific adjunct compounds have been used to
directly inhibit resistance mechanisms. Second, combinations of drugs that interact to have
different effects in combination than alone can be used to alter the evolution of resistance. Third,
much recent work has focused on the evolutionary interactions between compounds, where a

specific treatment may force the evolution of higher sensitivity to subsequent therapies.

Resistance mechanism inhibitors

One obvious way to bypass resistance is to inhibit the resistance mechanism, thus
neutralizing the advantage of resistant strains. In this strategy, an antibiotic is delivered
concurrently with a resistance mechanism inhibitor. This allows the antibiotic to kill both
resistant and susceptible strains and can even extend the antibiotic’s spectrum to include species
considered intrinsically resistant’.

Many compounds have been discovered that inhibit horizontally transferred and intrinsic
resistance mechanisms®. This strategy has been deployed most successfully against serine -
lactamases with the combination of a B-lactam and a f-lactamase inhibitor, such as amoxicillin
and clavulanic acid, ampicillin and sulbactam, and pipericillin and tazobactam, all of which are
used clinically®’ (Fig. 1.1a-c). Recently, this work has been expanded to metallo-B-lactamases
with the discovery of aspergillomarasmine A, which inhibits NDM-1 and VIM-2* (Fig. 1.1d).
Similarly, inhibitors of aminoglycoside-modifying enzymes have been synthesized to restore

9,10

aminoglycoside activity to resistant strains™'* (Fig. 1.1e-g). High throughput screening'' and
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Figure 1.1. Resistance mechanism inhibitors. (a-c) Clavulanic acid, sulbactam, and
tazobactam inhibit serine f-lactamases. (d) Aspergillomarasmine A inhibits metallo-3-
lactamases, NDM-1 and VIM-2. (e-g) Inhibitors for aminoglycoside-modifying resistance
enzymes: 7-hydroxytropolone inhibits aminoglycoside-2”-O-adenylyltransferase, while 2’-
deamino-2’-nitroneamine trifluoroacetic acid salt and 2’-deamino-2’-nitrokanamycin B
trifluoroacetic acid salt inhibit aminoglycoside 3’-phosphotransferases. (h) The natural product

5’ methoxyhydnocarpin inhibits the NorA efflux pump in Staphylococcus aureus.



SAR by NMR'? have yielded leads for inhibitors of ErmC methyltransferase, which confers
macrolide resistance. Lastly, several groups have identified inhibitors of efflux pumps, a major
mode of resistance across antibiotic classes”".

Notably, two of these resistance mechanism inhibitor and antibiotic pairs are naturally
occurring drug combinations. Clavulanic acid is produced by Streptomyces clavuligerus, which
also produces several p-lactam antibiotics'®. Similarly, Berberis fremontii makes both berberine
and the efflux pump inhibitor, 5’-methoxyhydnocarpin, that blocks berberine export and that has
been repurposed to block quinolone export from Staphylococcus aureus'’ (Fig. 1.1h). These
discoveries suggest that known antibiotic producers may be fruitful sources of resistance
mechanism inhibitors.

Unfortunately, the clinical success of resistance mechanism inhibitors has so far been
limited to the p-lactams™’. Moreover, resistance mechanism inhibitors are themselves subject to
resistance. For example, the 3-lactamase inhibitors clavulanic acid, sulbactam, and tazobactam
are ineffective against AmpC p-lactamases, metallo-f-lactamases, and inhibitor resistant variants
of TEM pB-lactamases™*’. Most importantly, resistance mechanism inhibitors do not reduce
resistance rates. A resistance inhibitor merely neutralizes the selective advantage of resistance; it
does not inflict a cost. Without a substantial cost to resistance, the resistant strain will remain in

the population, even if the patient stops taking the antibiotic for years*'>*,

Synergistic, antagonistic, and suppressive drug interactions

An alternative strategy that can be used to alter resistance evolution and in some cases
impose a cost to resistance is using two or more antibiotics concurrently. Antibiotics are often

used in combination in the clinic to hasten clearance of the infection or prevent the emergence of



resistance. However, antibiotics used in combination can interact to increase or decrease their

- . L2528
mutual effect and can even change the rate at which resistance arises

. Drug interactions are
defined as antagonistic, additive, or synergistic when their effect in combination is less than,
equal to, or more than expected from the effect of each drug alone®~° (Fig. 1.2a). Drug
interactions are defined as suppressive when their effect in combination is less than one or either
of the drugs alone™ (Fig. 1.2a).

Recent technical developments have enabled broad, systematic identification of such

drug interactions and have revealed that they are relatively common®*~'

. Furthermore, these
pairwise interaction networks reveal that drugs that have the same mode of action have the same
interaction profile™, suggesting these interactions operate through the core physiology of the
cell. The principles underlying these interactions, however, remain largely unknown. Two recent
studies detail the mechanisms behind a synergistic interaction between two drugs hitting the
same pathway”” and an antagonistic interaction between two drugs that compensate for each
other’s effect on the cell’*. These findings provide new insights into how antibiotics affect the
bacterial cell and expose new principles of bacterial physiology.

In addition to interactions between antibiotics, recent work has illuminated synergistic
and antagonistic interactions between antibiotics and compounds possessing little or no antibiotic
activity. Simple metabolites have been found that potentiate or antagonize killing by
antibiotics® ™", Screens for antibiotic adjuvants have identified compounds that act

38,39

synergistically with known antibiotics against susceptible’™” and resistant strains®*,

Synergy and antagonism can speed up or slow down the evolution of resistance.
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With synergistic combinations, each single drug resistance mutation is a pronounced step
up in fitness (Fig. 1.3a,c). Perhaps as a result, synergistic combinations have been shown to

: . 25,26,41
speed up the evolution of resistance™

. However, synergistic combinations can also clear
infections faster, reducing the time in which resistance can arise™*. Thus, there is an optimal level
of drug synergy, depending on the context of the infection, that balances these two outcomes*”.

In comparison, antagonistic interactions can shrink the mutant selection window and slow
down the evolution of resistance®. Similarly, a single drug resistance mutation in a suppressive
combination removes the effect of one drug, but also removes the suppression masking the effect
of the other drug (Fig. 1.3b). The bacteria now face the full effect of the other drug and are
actually /ess fit than when they were fully susceptible (Fig. 1.3b). Therefore, suppressive
combinations can actually select against drug resistance within certain concentration regimes*
(Fig. 1.3d). However, both antagonistic and suppressive combinations require larger amounts of
each antibiotic to achieve the same killing effect as an additive or synergistic combination,

44-46

potentially posing toxicity issues” , and require longer treatment times with a higher bacterial

load, allowing the bacteria to undergo more generations during which they can develop

resistance*'**?

. The need to cure the patient as quickly as possible and the difficulty of precisely
controlling drug concentrations within the human body are important difficulties in the possible

clinical application of antagonistic and suppressive interactions.

The nature of drug interactions can change with the acquisition of resistance.
In some cases, the nature of the drug interaction is preserved when the organism acquires

resistance to one of the drugs® (Fig. 1.3c-d). In other cases, the interaction changes as resistance

47,48

arises " (Fig. 1.2¢). For example, Wood et al. studied multiple drug combinations in E. coli, S.



Figure 1.3. Synergistic and suppressive interactions can increase or decrease the selection
for resistance, respectively. (a) In synergistic drug combinations, two antibiotics inhibit more
effectively together than alone. Therefore, single-drug resistance is favorable, allowing step-wise
acquisition of multi-drug resistance. (b) In suppressive drug combinations, two antibiotics cancel
out each other’s effect so that they are more effective alone than together. When the suppressive
interaction is reciprocal between two drugs (as shown), single-drug resistance is unfavorable and
multi-drug resistance requires simultaneous acquisition of resistance to both drugs, making it
much less likely to occur. When the suppressive interaction is directional (one drug suppresses
the other’s effect, but not vice versa) than one single-drug resistance pathway is still possible
(not shown). (¢) If a drug pair interacts synergistically in both the susceptible and resistant strain,
than the resistant strain can grow at all concentration regimes that the susceptible strain can
grow. (d) If one drug suppresses the activity of another drug (directional suppression) in both
susceptible and resistant strains, then there is a concentration regime (*) where the susceptible
strain can grow and the resistant one cannot. This concentration regime can therefore be used to

select against the resistant strain.
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aureus, E. faecalis, and a non-small-cell lung cancer line and found that many drug interactions
became closer to additive when the bacteria gained single drug resistance”’. In contrast, the weak
synergistic interaction between doxycycline and erythromycin became more synergistic in some
mutants resistant to both drugs*’. Most surprisingly, gefitinib and 17-AAG interact
antagonistically in EGFR mutant non-small-cell lung cancer lines, but interact synergistically
when the cells gain gefitinib resistance, suggesting that this combination could reduce the

emergence of gefitinib resistance®’.

Inverting selection for resistance with drug interactions.
These results highlight ways in which we might use drug interactions in the fight against
antibiotic resistance. Compounds that interact synergistically with antibiotics in resistant strains

can restore those antibiotics’ activity®*

. As the gefitinib and 17-AAG example illustrates, drug
interactions that become more synergistic with resistance can lessen the selection for drug
resistance*’. Finally, suppressive interactions, such as that between ciprofloxacin and
doxycycline, can even invert selection for resistance™.

Looking forward, we must evaluate if combination therapies are effective in clearing the
infection and preventing resistance or if they only further the march towards multi-drug
resistance. While we are aided in that evaluation by our increased understanding of the
mechanisms behind these interactions, many interactions remain unexplained. Elucidating the
physiology behind antibiotic interactions will increase our understanding of the connections

between the essential pathways targeted by antibiotics and help predict the emergence of

resistance. In addition, a systematic documentation of how drug interactions change upon the
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acquisition of resistance mutations would establish how combination treatment alters, and

possibly restricts, the paths to resistance.

Collateral sensitivity

Resistance can have pleiotropic effects including greater susceptibility to other drugs
(Fig. 1.2b, 1.4a). This has been termed collateral sensitivity™ and drugs that the resistant strain
has become more susceptible to are called selection-inverting compounds™ . Collateral sensitivity
imposes a cost on resistant strains and a resistant strain can grow orders of magnitude slower
than the susceptible strain in the presence of selection-inverting compounds™.

Most of the collateral sensitivity work to date has focused on finding selection inverters
for spontaneous resistant mutants™>>>*. In fact, many well-known antibiotics work as selection
inverting compounds for SNP or indel based resistance™”>**, For example, several recent studies
have highlighted the prevalent collateral sensitivity between aminoglycosides and other
antibiotic classes™”>**®_ Both the import of aminoglycosides and the export of multiple
antibiotics through intrinsic efflux pumps, such as the AcrAB-TolC pump in E. coli, require the
proton motive force® %>, Therefore, when a strain evolves resistance to aminoglycosides by
diminishing the proton motive force, it becomes more susceptible to antibiotics that are normally
exported through the AcrAB-TolC pump, such as B-lactams, quinolones, and tetracyclines™*®,
This well-studied example illustrates the evolutionary trade-offs behind collateral sensitivity.

Using collateral sensitivity networks, we can exploit these trade-offs to suppress the
evolution of resistance. A long-term evolution experiment showed that alternating daily between
two drugs displaying unidirectional collateral sensitivity slowed the rate of spontaneous

resistance evolution and reduced final resistance levels compared to single drug treatment®*.

12
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or horizontally transferred genes that do not confer collateral sensitivity (dashed line).
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Moreover, cycling between two drugs that show reciprocal collateral sensitivity may be used to
keep resistance entirely in check®® (Fig. 1.4b), though has not yet been demonstrated. Lastly, the
evolution of spontaneous resistance can be reduced by concurrent application of drugs that
display collateral sensitivity, compared to either of the drugs alone™.

There are fewer examples of collateral sensitivity caused by resistance genes and
cassettes spread by horizontal gene transfer’ ", These examples all center on the fet efflux
pumps, which confer tetracycline resistance, but also make bacteria more susceptible to
aminoglycosides, fusaric acid, and salt stress®®. In addition, soil bacteria produce natural
products that select against the zetA pump’'. Using fusaric acid as a positive control, we were
able to develop a high-throughput competition-based screen for compounds that select against
the tetA efflux pump, identifying two new selection-inverters (Chapter 2). This screen could be
adapted to other resistance genes to discover novel selection-inverting compounds. However,
the relatively low incidence (2 in 20,529 compounds screened) of collateral sensitivity in this
screen compared to spontaneous mutation studies (35%* or 74%" of antibiotic pairs) suggests
that collateral sensitivity may be less common for these specialized resistance genes and
cassettes, possibly because they have been improved over many generations to reduce
vulnerabilities.

Novel selection-inverting compounds could be used in a two-phase treatment strategy to
first cure the strain of resistance, allowing successful treatment with a traditional antibiotic.
Many resistance genes and cassettes are on mobile elements, which allow them to spread quickly

62,71,72

to new strains and species . However, because of the genetic instability that allows them to

move around, the spontaneous loss of a mobile element occurs much more frequently than a SNP

71,73

resistance mutation (Chapter 2)' """, Therefore, selection-inverting compounds not only favor

14



susceptibility in a mixed population of resistant and susceptible bacteria, these compounds can
actually convert a resistant population to antibiotic susceptibility, enabling successful follow-up
treatment (Chapter 2). To demonstrate this, we evolved a tetracycline resistant population in f3-
thujaplicin, a selection-inverter, for seven days, and then transferred the populations to
doxycycline. Seven of eight replicates had irreversibly lost their tetracycline resistance and were
successfully treated with doxycycline (Chapter 2). A two-phase treatment strategy beginning
with selection-inverting compounds followed by the corresponding traditional antibiotics may

offer new non-traditional therapies for resistant infections.

Future Directions

These strategies—resistance mechanism inhibitors, drug interactions, and collateral
sensitivity—provide opportunities to decouple growth inhibition and the selection for resistance.
Furthermore, these strategies can be combined to restrict the evolution of resistance while
speeding infection clearance. For example, a drug pair that interacts synergistically and also
displays reciprocal collateral sensitivity should provide fast clearance, while also preventing the
accelerated emergence of resistance that comes with synergistic pairings. Aminoglycosides and
[-lactams share such a relationship. Aminoglycosides and -lactams have long been known to

74,75

interact synergistically ™" and recent studies have highlighted the collateral sensitivity between

these two classes”*®’.
However, of these three strategies, only resistance mechanism inhibitors have been tested
across a broad range of species and vetted in the clinic. Much of the drug interactions and

collateral sensitivity work has been done in vitro with E. coli and needs to be expanded to other

organisms and infection models to see if these principles apply across species and in vivo. For
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example, meta-analysis of clinical trials for the ideal combination of aminoglycoside and f3-
lactams predicted above from in vitro drug interaction and collateral sensitivity data show no
significant improvement in terms of patient mortality and drug resistance over B-lactams alone’®.
Instead, the combination fares slightly worse due to aminoglycoside nephrotoxicity®.

This highlights the need for ongoing research on the interplay between physiological drug
interactions and resistance mutation trade-offs. It also points to areas for further improvement.
One difficulty with multi-drug treatment is ensuring simultaneous delivery to target cells. Indeed,
unequal absorption and penetration may lead to pockets of single drug exposure and faster
evolution of resistance’’. One potential solution to this problem is covalently linking antibiotics

into hybrid compounds’®”

. In addition to ensuring simultaneous delivery, hybrid drugs can
combine the growth inhibition of one drug with the resistance evasion of another to both treat an

infection and prevent resistance (Chapter 3).
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Chapter 2: New compounds that select against the

tetracycline resistance efflux pump'

We developed a novel competition-based screening strategy to identify compounds that select
against antibiotic resistance mechanisms. Using our assay, we screened over 20,000 compounds
for the ability to select against TetA efflux pump-mediated tetracycline resistance in E. coli and
identified two hits: B-thujaplicin and disulfiram. We demonstrate a two-phase treatment
paradigm, where pre-treatment of a tetracycline resistant bacterial population with -thujaplicin
causes loss of the resistance gene, enabling an effective second-phase treatment with

doxycycline.

" This collaborative work is being prepared for publication. The authors are Laura K. Stone,

Tami D. Lieberman, Michael Baym, Remy Chait, Jon Clardy, Roy Kishony.
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Introduction

Antibiotic resistance is a growing public health concern'. The use of antibiotics promotes
the emergence and spread of resistant strains reducing the drugs’ efficacy. Turning this process
around and driving a resistant pathogen population back to drug susceptibility is a major
challenge. Since the cost of resistance is typically small*”, a resistance allele will remain in the
population after fixation, even in the absence of the antibiotic*®. Selecting against resistance
therefore requires a treatment that imposes a cost on the resistant bacteria thereby inverting their
evolutionary advantage.

Collateral sensitivity can be used against resistant strains to select in favor of drug
susceptibility’. Collateral sensitivity occurs when resistance to one drug confers increased
sensitivity to another®. Therefore, while bacteria evolve resistance to drug A, they can be
penalized by their increased sensitivity to drug B. Treating with drug B can then drive them back
to become drug A susceptibile’. Focusing on resistance through de novo mutations, specific
instances of collateral sensitivity have been identified where mutations providing resistance to

one drug confer sensitivity to another’ "

. However, the major mode of clinical resistance for
many drugs is not through de novo mutations, but rather through specialized resistance genes,
such as efflux pumps, drug degrading enzymes, or modified targets'*'*. Only a few drugs are

16-20

known to select against specialized resistance genes and cassettes ° ', and systematic screens for

such selection-inverting compounds have been limited*'.

Results

We designed a high-throughput screen to identify selection-inverting compounds: small

molecules that confer a disadvantage to an antibiotic resistant strain competing with its
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susceptible parent. In this assay, susceptible and resistant strains are differentially labeled with
fluorescent proteins and competed on gradients of test compounds (Fig. 2.1a). Compounds that
differentially select between these two strains will have an area along the gradient where only
one of the strains can grow, appearing as a red or green band indicating selection for or against
resistance, respectively (Fig. 2.1b). Custom 48-well channel plates and an automated imaging
platform allow for high throughput automation of the assay (Fig. S1.1, Methods).

Using this assay, I screened for compounds that select against E. coli expressing the
tetracycline resistance efflux pump, TetA. Tetracycline is a broad spectrum antibiotic whose use

422

has dwindled, in part, due to widespread resistance™™ . The TetA efflux pump, often carried by

222 As control

transposons, is one of the most prevalent tetracycline resistance mechanisms
compounds, I used doxycycline, a tetracycline analog that selects for tetracycline resistance (Fig.
2.2a, ¢), fusaric acid, a known molecule that selects against the TetA efflux pump but has

'*% (Fig. 2.2b, d), and ciprofloxacin, an antibiotic eliciting no or slight selection

toxicity issues
for tetracycline resistance (Fig. S1.2b). The media was supplemented with anhydrous
tetracycline (ATC) at concentrations that induce expression of TetA but have no detectable
effects on growth (Methods).

I screened 20,529 compounds in this assay: 9,512 known bioactives, 6,441 natural product
extracts, and 4,576 commercial library compounds. The primary screen identified 30 hits
(0.29%) from the known bioactives collection, 8 hits (0.13%) in the natural extract libraries, and
none in the commercial libraries. I verified positive hits by first retesting them in our assay, in
duplicate with the dye swap (Fig. S1.3). Of our 38 initial hits, two hits from the bioactives

collection retested positive in both replicates: disulfiram and (-thujaplicin (also known as

hinokitiol) (Fig. 2.2e-h). Disulfiram is an FDA approved drug (Antabuse) for treating alcoholism
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Figure 2.1. A high throughput diffusion-based screen to identify compounds that select
against antibiotic resistance. (a) Matched fluorescent pairs of antibiotic susceptible (AS, CFP,
shown in green) and resistant (AR, YFP, shown in red) strains are mixed 1:1 and added to
gradients of test compound. A dye swap is also performed. (b) Fluorescent imaging reveals
regions of selection on the compound gradient. Areas of no selection maintain a 1:1 ratio of AS to
AR (yellow), while areas of no growth appear dark. Concentration regimes that select for

susceptibility favor AS growth (green), while regimes that select for resistance favor AR growth
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Figure 2.2 Disulfiram and f-thujaplicin select against TetA-mediated tetracycline
resistance. Control compounds, (a) doxycycline and (b) fusaric acid select for tetracycline
resistance and susceptibility, respectively. (¢-f) Compounds that select against resistance were
automatically identified by tracking the fluorescence of tetracycline resistant (Tet®, TetA) and
susceptible (Tet®) strains down the concentration gradients of test compounds (Methods).
Automated image analysis identifies the highest points on the concentration gradient
(corresponding to the distance from the top of the well) where each strain is at half-max growth.
The difference between these points (Ad) is used to score hits, with negative Ad indicating
selection for resistance and positive Ad indicating selection against resistance. Hit compounds
(g) disulfiram and (h) p-thujaplicin select for tetracycline susceptibility. (i-k) Dose responses for
(i) fusaric acid, (j) disulfiram, and (k) B-thujaplicin in Tet® and Tet® strains, grown separately.
The vertical black dashed lines indicate the mean IC50s for the Tet" and Tet® strains across six

replicates. Error bars represent standard deviation across six replicates.
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and acts synergistically with tetracycline in susceptible strains**. Isolated from cedar trees, -
thujaplicin is natural product with widespread antifungal and antibacterial activity”. While these

compounds were known to have antibacterial activity*=°

, their ability to select against
tetracycline resistance is a newly discovered property.

I evaluated potency and selectivity of the compounds by testing them on the resistant and
susceptible strain separately and in competition. I measured the dose response of these two hits
and fusaric acid for tetracycline susceptible (Tet®) and resistant (Tet") strains grown separately in
broth media and obtained their 50% inhibitory concentrations (IC50s, Fig. 2.2i-k). All three
drugs had IC50s that are lower for the Tet® strain than the Tet® strain (Tet®, Tet®; disulfiram: 44 +
1 uM, 66 + 3 uM; B-thujaplicin: 30 + 1 uM, 39 + 4 uM; fusaric acid 106 + 6 uM, 133 + 14 uM;
mean + standard deviation across six replicates). To quantify the competitive advantage
conferred by the compounds, I performed a competition assay in liquid media, mixing
fluorescently labeled Tet® and Tet® strains 1:1 and growing them in a linear dilution series of
each compound. After an overnight incubation, I measured the number of Tet® cells (NTet) and
Tet® cells (NTet?) with flow cytometry (Fig. 2.3a). All three compounds select for Tet® over Tet®
by at least an order of magnitude at some concentration (Fig. 2.3b, Fig. S1.5a,b). Its better
potency (Tet® IC50) and the availability of analogs lead us to focus on B-thujaplicin for further
analysis.

To understand which chemical moieties of B-thujaplicin are critical for its potency and
selection properties, I measured the IC50 of B-thujaplicin analogs for Tet® and Tet® strains and
their effect on competition between Tet® and Tet® strains (Fig. 2.3¢, Fig. S1.4 & S1.5, Table

S1.1). In competition, B-thujaplicin selects for Tet® over Tet® by over two orders of magnitude

(Fig. 2.3b), more than any other analog tested. Moreover, 3-thujaplicin has the best combination
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Figure 2.3. Structure activity relationship for P-thujaplicin analogs. (a) To quantify the
degree of selection against tetracycline resistance, a 1:1 mixture of fluorescent Tet® (green) and
Tet® (red) cells was added to a linear dilution series of each drug. Flow cytometry was used to
count the number of Tet® (NTet®) and Tet® (NTet®) cells. The data shown are from a well with no
drug (left) and a well with 43 uM PB-thujaplicin (right). (b) The ratio of Tet® to Tet® cells
(NTet’/NTet®) gives the selection for the Tet® strain at each drug concentration. This ratio is
normalized to the ratio of NTet*’/NTet" in wells with no drug and then averaged over a minimum
of 5 replicates. The integral (gray) of the selection over all concentrations in which cells can
grow is considered the total selection (selectivity) for Tet® by that compound. (¢) The selection
for Tet® over Tet® exerted by all compound gradients. Wells where there is no growth of either
strain are in gray. (d) Examining all compounds for selectivity and potency (Tet® IC50) shows

that B-thujaplicin exerts the greatest selection for Tet® among its analogs.
jap g g g
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of selection and potency (Tet® IC50) of the compounds tested (Fig. 2.3d). The closest analog, o.-
thujaplicin, showed no difference in IC50 between the Tet® and Tet® strains and little selection
either for or against the Tet" strain (Fig. S1.4a & S1.5¢, Table S1.1). From this structure-activity
relationship, I infer that the hydroxyl group is required for potency, while the presence and
position of the isopropyl group determines the degree of selection.

While the compounds I identified advantage the Tet® over the Tet® strain, it remained
unclear whether this advantage was enough to evolve a resistant population back to drug
susceptibility. To answer this question, I propagated 8 replicate populations of the Tet" strain in
increasing amounts of B-thujaplicin for 7 days and monitored the frequency of Tet® cells (Fig.
2.4a). In all 8 populations, the frequency of Tet" cells decreased until it fell below detectable
levels (Fig. 2.4a). To see if these, now Tet®, populations would revert to Tet® upon treatment
with doxycycline, I next passaged them in increasing amounts of doxycycline for 3 days. Only
one of the eight populations regained resistance to doxycycline. Most cultures have permanently
lost Tet® upon B-thujaplicin treatment, allowing effective doxycyline treatment in the second
phase of this two-phase treatment protocol.

To understand the frequency of Tet" loss and its underlying genotypic mechanisms, I
isolated B-thujaplicin resistant mutants of the Tet" strain and assayed their doxycycline
phenotype (Methods). The vast majority of these isolates became doxycycline susceptible upon
B-thujaplicin selection (98/99, Fig. 2.4b). PCR of the fet4 gene showed that most had deleted
tetA (77/99), while the rest had a 0.5-1 kb insertion in tet4 (21/99, Fig. 2.4b, Fig. S1.9). Whole
genome sequencing of 4 isolates with insertions in fet4 confirmed the presence of insertion
elements within tet4 and sequencing of 6 AfetA isolates revealed that the entire Tn10 transposon

carrying fetA has been deleted. Two of these Atet4 isolates also had single nucleotide
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phenotype and loss of zet4. (a) When evolved in B-thujaplicin, eight parallel populations of the

TetR strain lose their tetracycline resistance phenotype until the frequency of TetR cells falls

below the detection limit (10-%). In comparison, populations evolved in DMSO (blue), do not lose

their tetracycline resistance. After 7 days, the lineages were then evolved in doxycycline for three

days. Only one of the eight lineages regains its tetracycline resistance. Points overlap and are

offset slightly in the Tet® frequency axis for clarity. (b) Over 90% of p-thujaplicin and disulfiram

resistant mutants selected from the Tet® background strain lose phenotypic resistance to

tetracycline. These Tet® mutants had completely lost zet4 or had insertions within the gene.
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polymorphysims (SNP) elsewhere in the genome (Table S1.2). The one isolate that became f3-
thujaplicin resistant without losing fet4 had a mutation in marR, the repressor of the multiple
antibiotic resistance operon®’ (Table $1.2). Together, these data show that the vast majority of
resistance to B-thujaplicin appears through null insertions or irreversible loss of the zet4 gene,
while only rare cases evolve resistance to 3-thujaplicin through more general resistance
pathways and without Tet® loss. Furthermore, these Atret4 mutants occur at much higher
frequency (~10™) than SNP-based resistance mutations (~10°°), in agreement with previous
studies documenting loss of Tn10'®. Similar results appear for disulfiram selection (78/81 lost

Tet®: 75 due to loss of fetd, 1 due to an insertion in fetd, 2 due to other mutations, Fig. S1.10).

Discussion

This work provides a proof of concept that selection-inverting compounds for well-
optimized resistance genes can be found through a competition-based screening assay and can be
used preceding their corresponding antibiotic in a two-phase treatment strategy against a resistant
bacterial population. This methodology can be adapted to other organisms and resistance
mechanisms. Two-phase treatment protocols beginning with selection-inverting drugs followed
by conventional antibiotics may provide novel antimicrobial treatments that are effective against
resistant pathogens by first reverting them to drug susceptibility. However, this strategy is not
without limitations. The population that became (3-thujaplicin resistant without completely losing
its tetracycline resistance suggests that, while it might be rare, it is possible for bacteria to escape
collateral sensitivity. Firstly, it is possible that some members of the population remained (3-
thujaplicin sensitive and tetracycline resistant even after 3-thujaplicin selection. Secondly, there

are other paths to B-thujaplicin resistance, as demonstrated by the marR mutant that became 3-
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thujaplicin resistant without losing its tetracycline resistance. Thirdly, the -thujaplicin resistant
mutants with insertions in TetA, instead of complete deletions, may more easily revert to Tet®.

Furthermore, the need to remove antibiotic resistance from the bacterial population must
be balanced with the need to cure the patient. In acute infections such as septicemia, a selection-
inverting compound must not only drive the loss of resistance mechanisms, it must also lower the
bacterial load—and quickly. In this scenario, clinically useful selection-inverting compounds
must be powerful antibiotics in their own right and the speed of clearance may obviate the need
for the second-phase of treatment. Therefore, in life-threatening short-term infections, a two-
phase treatment strategy does not offer much more benefit to the individual patient than a
traditional antibiotic, even though broad implementation may reduce the prevalence of resistance
genes in the general population. Instead, this two-phase treatment strategy is likely to be more
useful in long-term chronic infections such as Pseudomonas aeruginosa in cystic fibrosis
patients or chronic tuberculosis infections. These infections typically require long treatment
durations with multiple drugs at once to limit the emergence of resistance. Two-phase treatment
strategies designed against common resistance mechanisms in these pathogens may cure the
infection, stave off resistance, and avoid the toxicity risk that often comes with concurrent multi-
drug treatment.

As antibiotic resistance rates rise, new strategies are needed to combat infections. Current
treatments overwhelmingly favor the evolution of resistance and most strategies employed to
curb the spread of resistance do little to reduce that selective pressure. Ideally, therapeutic design
would consider evolutionary and ecological dynamics and create treatment regimens that can

reverse the evolution of resistance. Two-phase treatments beginning with selection-inverting
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compounds that counteract the evolutionary advantage of resistance could add valuable tools to

our antimicrobial arsenal.

Methods

Strains and Media

All experiments were conducted in low salt LB broth (RPI, catalog #1.24065), supplemented
with bactoagar (BD Falcon) when noted. Drug solutions were made from powder stocks
(anhydrotetracycline hydrochloride (ATC), catalogue no. 37919 (Sigma); doxycycline hyclate,
catalogue no. D9891 (Sigma); ciprofloxacin, catalogue no. 17850 (Fluka); fusaric acid, catalogue
no. AC19896 (Fisher); p-thujaplicin, catalogue no. 469521 (Sigma); disulfiram, catalogue no.
86720 (Sigma); a-thujaplicin (analog 1), catalogue no. 088-08701, (Wako); tropolone (analog 2),
catalogue no. T89702 (Sigma); 2-Chloro-2,4,6-cycloheptatrien-1-one (analog 3, chlorotropone),
catalogue no. 669571, (Sigma); 2-Methoxy-2,4,6-cycloheptatrien-1-one (analog 4,
methoxytropone), catalogue no. 137-15711 (Wako); tropone (analog 5), catalogue no. 252832
(Sigma)) and filter-sterilized. All drug stocks were dissolved in DMSO at 15 mg/mL, except

anhydrotetracycline hydrochloride, which was dissolved in EtOH at 1 mg/mL.

Strain construction and designations are given below. Plasmids expressing YFP or CFP under the
Pr promoter® were constructed from the pZ vector system®. Assay strains were grown from
single colonies to saturation in low salt LB. Cell concentrations were measured by OD600 and
plate count, and aliquots were stored in 15% glycerol at -80°C. Fresh aliquots were used for each

experiment.
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Table 2.1: Strains

Strain Type Tetracycline Source
resistance
CAG18478 MG1655, ycaD-ycaM::Tn10 Tet" Ref. 30
WT MC4100 Tet® Ref. 31
t17¢ MC4100, ycaD-ycaM::Tn10,  Tet® Ref. 32
galK::CFP, AmpR
t17 MC4100, ycaD-ycaM::Tnl0  Tet" Plyi(t17¢) > MC4100
pY MC4100 / pZS2R-YFP Tet® Plasmid pZS2R-YFP into
WT
pC MC4100 / pZS2R-CFP Tet® Plasmid pZS2R-CFP into
WT
t17pY MC4100, ycaD-ycaM::Tnl0/  Tet® Plasmid pZS2R-YFP into t17
pZS2R-YFP
t17pC MC4100, ycaD-ycaM::Tnl0/  Tet® Plasmid pZS2R-CFP into t17
pZS2R-CFP
Custom Assay Plate

I tailored Remy Chait’s design for 48 well plates composed of 2 rows of 24 lanes®' to be
compatible with high throughput screening robots by lowering the plate’s skirt and adding

spacing bars so that air can escape as the agar cools while the plates are stacked (Fig. S1.1).

Screen for Selection Inverters

Custom 48 well screening plates were filled with 352 pL/well low salt LB 1.5% bactoagar
containing 80 ng/mL ATC using a Wellmate Stacker (ThermoScientific). Approximately 1
pL/well test compounds were pinned onto the top of each lane using AFIX384FP6 (V&P
Scientific) with FP6S pins (V&P Scientific) in rows A and 1. Approximately 1 pL/well control
compounds were pinned onto the top of each lane by hand using AFIX384FP (V&P Scientific)
with FP6S pins (V&P Scientific) in appropriate wells. Each screening plate had at least one of

each control: 15 mg/mL doxycycline, 15 mg/mL fusaric acid, 15 mg/mL ciprofloxacin, and
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DMSO vehicle control. Plates were stored at 4°C for 24 hours to allow the compounds to diffuse,
creating concentration gradients down the length of the wells. Plates were then inoculated using
a Wellmate Stacker with 112 pL/well frozen cell aliquots diluted 1:100 in low salt LB 0.75%
bactoagar containing 80 ng/mL ATC. Each test compound is tested twice, with the fluorescent
markers switched between the tetracycline susceptible and resistant strains to identify
autofluorescent compounds. One replicate is inoculated with a 1:1 ratio of pY:t17pC and the
other is inoculated with a 1:1 ratio of pC:t17pY. Plates were incubated at 30°C and 70%
humidity for 16-18 h, and automatically imaged using a custom-built robotic fluorescent imaging
device constructed by Michael Baym and Remy Chait and programmed by Michael Baym.
Images in three channels, brightfield, CFP(436/20ex, 480/40em), and YFP(500/20ex, 530/20em)

were acquired with a Canon T3i.

Screen Analysis

The images were processed using a custom MATLAB script (deposited at
https://github.com/lkstone/StoneThesis). The blue channel from the CFP image and the green
channel from the YFP image are reduced to grayscale images. Nonuniformity in the field of
illumination are corrected by normalizing each image to a fluorescent standard. The images are
further processed by subtracting the background (the median intensity of an area of no bacterial
growth) and normalizing to an area of neutral selection (the median intensity of the DMSO
controls). Next, an RGB overlay image is created with the susceptible strain image in the green
channel and the resistant strain image in the red channel, regardless of the fluorescent proteins
involved. Using this overlay, the pixel intensity data is isolated for each well and the median is

taken across the width of the well for the red and green channels. Wells with no inhibition of
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either strain are filtered out using a minimum intensity threshold. The remaining wells are scored
by subtracting the distance to the half-max growth of the resistant strain from the distance to the
half-max growth of the susceptible strain down the length of the well (Ad). Overlay images were
evaluated by eye in addition to the automated ranking of hits. Using the Ad metric, doxycycline
(selection for resistance control) and fusaric acid (selection against resistance control) were
identified in comparison to ciprofloxacin (inhibition with no selection control) and DMSO (no
inhibition or selection control). The Z’ factor was 0.62 for the fusaric acid control and 0.87 for

the doxycycline control.

Petri Competition Assay

Petri dishes (100mm x 15 mm, BD Falcon) were filled with 20 mL low salt LB 1.5% bactoagar
containing 80 ng/mL ATC. Drug stocks were pipetted onto the plate (3uL of 15 mg/mL fusaric
acid, 1 pL of 15 mg/mL B-thujaplicin, and 6 pL of 15 mg/mL disulfiram dissolved in DMSO)
and allowed to diffuse at 4°C for 24 h. The plates were then inoculated with 100 pL of a 1:100
dilution of frozen cell aliquots in phosphate buffered saline (PBS). One replicate is inoculated
with a 1:1 ratio of pY:t17pC and the other is inoculated with a 1:1 ratio of pC:t17pY. Plates were
incubated at 30°C and 70% humidity for 16-18 h, then imaged in brightfield, CFP(436/20ex,

480/40em), and YFP(500/20ex, 530/20em) with a Canon T3i.

IC50 Measurements
Clear, flat-bottomed 96-well plates (Corning 3370) were filled with 150 pL/well low salt LB
containing linear dilution series of drug, ~10* cfu/mL WT (Tet®), and ~10* cfu/mL t17 (Tet")

cells. Experiments are run in parallel: at least 6 replicates with and 6 replicates without 80 ng/mL
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ATC to show that fitness differences are dependent on the expression of the TetA pump. The
plates are sealed with Aeraseal (EXCEL) to limit evaporation and incubated for 24 h at 30°C
with shaking at 900 rpm on Titramax 1000 (Heidolph). Growth was measured by optical density
at 600 nm (OD600) on a Victor3 plate reader (Perkin Elmer). The dose responses are fit to a 4
parameter logistic function ¢ + (d - ¢)/(1 + (x/a)®) where a is the IC50, b is the slope parameter, ¢

is the minimum response level, and d is the maximum response level.

FACS Competition Assay

Clear, flat-bottomed 96-well plates (Corning 3370) were filled with 150 pL/well low salt LB
containing linear dilution series of drug and ~10" cfu/mL fluorescently-labeled Tet® and ~10*
cfu/mL fluorescently-labeled Tet® cells. Experiments are run in parallel with a dye swap (pY &
t17pC in one set of plates and pC & t17pY in another set) to show that fitness differences do not
depend on the fluorescent proteins and with and without 80 ng/mL ATC to show that fitness
differences are dependent on the expression of the TetA pump. The plates are sealed with
Aeraseal (EXCEL) to limit evaporation and incubated for 24 h at 30°C with shaking at 900 rpm
on Titramax 1000 (Heidolph). The saturated cultures were diluted 1:100 by pinning ~1.5 pL/well
culture into 150 uLL PBS with VP407 (V&P Scientific). Cells were counted by flow cytometry
(Becton Dickinson LSRII; CFP excited at 405nm, emission detected through 505LP and
525/550nm filters; YFP excited at 488nm, emission also detected through S05LP and 525/550nm
filters). The ratio of Tet® to Tet® cells (Nres/Nrek) was normalized to the Nres/Nrer of eight no
drug wells on each plate. Results in Figure 2.3 are the average of 5 replicates performed with pC

and t17pY cells and 80 ng/mL ATC.
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Passaging Experiment

Clear, flat-bottomed 96-well plates (Corning 3370) were filled to a final volume of 150 puL/well
low salt LB with 80 ng/mL ATC. Each column contained a linear dilution series of B-thujaplicin
or doxycycline. Each plate included one column inoculated with WT ancestral control, one
column inoculated with t17 ancestral control, and one column with no bacteria to control for
contamination. Nine columns contained replicate populations of t17 passaged each day into fresh
B-thujaplicin for 7 days, then in doxycycline for 3 days (f-thujaplicin evolved strains). In
addition, 3 replicate populations of t17 were passaged in a fixed DMSO concentration equivalent
to the highest DMSO concentration used in the B-thujaplicin dilution series (DMSO evolved
strains). Plates were inoculated with ~10* cfu/mL. The plates are sealed with Aeraseal (EXCEL)
to limit evaporation and incubated for 22 h at 30°C with shaking at 900 rpm on Titramax 1000
(Heidolph). Growth was measured by optical density at 600 nm (OD600) on a Victor3 plate
reader (Perkin Elmer). For each evolved strain, the well containing the highest drug
concentration with OD600 > 0.4 was diluted and propagated daily into fresh drug plates with
~10* cfu/mL. The remainder of the well was stored in 15% glycerol at -80°C. The wells with WT
and t17 ancestral controls and no drug were also stored in 15% glycerol at -80°C to serve as
controls for later follow up. One of the nine B-thujaplicin lineages was contaminated in storage

and is excluded from Figure 2.4.

The Tet® frequency was measured by creating a 10-fold dilution series of stored evolved strains
and ancestral controls in PBS. Using VP407, ~1.5 uL/well of these dilution series and the
storage wells were pinned onto one non-treated omnitray (Thermo Scientific) containing 30 mL

low salt LB 1.5% bactoagar and one non-treated omnitray containing 30 mL low salt LB 1.5%
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bactoagar and 20 pg/mL doxycycline. The plates were incubated at 30°C for 22 h then imaged.
Growth was then measured by eye with positive growth meaning that at least one colony grew
from the spot. The cfu/mL of the dilution series was calibrated by plating 50 pL of select wells
onto petri dishes containing 20 mL low salt LB 1.5% bactoagar. The data from pinning is precise
to one order of magnitude. The accuracy of this method was confirmed by plating 50 pL/well of
a subset of samples onto petri dishes containing 20 mL low salt LB 1.5% bactoagar and onto

petri dishes containing 20 mL low salt LB 1.5% bactoagar and 20 pg/mL doxycycline.

Resistant Mutant Selection

The t17 strain was streaked on a low salt LB 1.5% bactoagar petri dish and grown overnight at
30°C. A single colony was picked and grown overnight in low salt LB to saturation (~2 x 10%).
This culture was spun down at 3000 rpm & 4°C and the supernatants decanted. The culture was
re-suspended in PBS, spun down again, the supernatants decanted, and re-suspended in PBS to a
density of ~10” cfu/mL. Petri dishes containing 20 mL low salt LB 1.5% bactoagar, 80 ng/mL
ATC, and either 40 pg/mL disulfiram or 15 pg/mL B-thujaplicin were inoculated with ~10° t17
cfu/plate. The plates were incubated at 30°C, 70% humidity, protected from light. Disulfiram

plates were incubated for 3 days and p-thujaplicin plates were incubated for 6 days.

One hundred colonies from the f3-thujaplicin and disulfiram selection plates were streaked onto
LB agar petri dishes and incubated overnight at 30°C. One colony from each streak was
transferred to deep 96 well plates containing 1 mL/well low salt LB. A subset of the plate was
inoculated with WT or t17 ancestral controls or left empty to control for cross contamination.

The plates were sealed with Aeraseals and incubated at 30°C with 600 rpm shaking on a
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Titramax. Using VP407, ~1.5 pL/well was transferred from these overnight plates onto
omnitrays containing low salt LB 1.5% bactoagar, 80 ng/mL ATC, and drug (5, 10, 15, 20, 25,
30 pg/mL B-thujaplicin; 10, 20, 30, 40, 50, 60 ng/mL disulfiram; 0, 0.1, 1, 5, 10, 20, 40, 60, 80,
100 pg/mL doxycycline). Omnitrays were incubated at 30°C for 20 h. Plates were imaged and
growth was recorded (single colonies or films were recorded as no growth). The minimum
inhibitory concentration (MIC) was determined as the lowest concentration at which the strains

did not grow.

Detection of zez4 by PCR

The tetA gene was amplified with the primers below (Table 2.2) in 25 pL reactions using 0.2 pL
OneTaq (New England Biolabs) according to the supplier’s protocol. Reactions were cycled 30
times, with an annealing temperature of 57°C. PCR product size was determined by gel
electrophoresis on a 1% agarose gel (Fig. S1.9-11). The bands were compared to a 1 kb DNA
ladder (New Englad Biolabs) and their size was determined within 0.5 kb. The expected band

size is 1086 bp if tet4 is present and uninterrupted.

Table 2.2. Primers

Primer Sequence

tetA forward GCTAACCACTTTGGCGTATTG
tet4 reverse AGCACTTGTCTCCTGTTTACTC

Genomic sequencing of f-thujaplicin resistant colonies
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Genomic DNA was extracted from 1 mL cultures of eleven colonies and the ancestral t17 control
using illustra bacteria GenomicPrep Mini Spin Kit (GE Healthcare) following the supplier’s
protocol, except eluting with water instead of elution buffer. Purified DNA was quantified using
the Quant-iT™ High-Sensitivity DNA Assay Kit (Life Technologies). Sequencing libraries were
prepared using the Nextera XT DNA Sample Preparation Kit (Illumina), using a previously
described protocol”. Samples were sequenced using 100bp paired-end reads on the HiSeq
platform at Axeq Technologies, Seoul, South Korea. Tami Lieberman performed genomic
sequencing analysis. Adaptors were removed using cutadapt™, reads were trimmed using Sickle,
and trimmed reads were aligned to both the E. coli MC4100 reference genome and Tn10
(Genbank accession numbers NC 012759.1 and AF162223.1, respectively) using Bowtie2*.
Over 99.7% of reads aligned to the reference genome, and average coverage across a sample
ranged between 33x and 134x (median 65x). SNPs were identified using SAMtools* and
consensus quality (FQ score) cutoff of less than -55 for inclusion. At each variant position that
met this cutoff in at least one strain, a best call was made based on the aligned reads for each
strain, and positions where all reads supported a variant were discarded. Small insertions and
deletions (indels) were called using Dindel’’. Candidate indels found in one strain were explicitly
tested for in all strains; indels with at least 70% of reads in the region supporting the indel and
that were at positions with an average of at least 10x coverage across isolates were accepted.
Tn10 deletions were identified by the absence of reads aligning to the coding section of

AF162223.1. Insertion elements were identified using RetroSeq® (FL score of 6 or 8).
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Chapter 3: A hybrid antibiotic restricts evolutionary paths
to resistance by evading activation of the multiple antibiotic

resistance operon’

Hybrid drugs are a promising strategy to address the growing problem of drug resistance, but the
mechanism by which they modulate the evolution of resistance is poorly understood. Integrating
high-throughput resistance measurements and genomic sequencing, we compared Escherichia
coli evolved in a hybrid antibiotic that links ciprofloxacin and neomycin to E. coli evolved in
combinations of the component drugs. We find that populations evolved in the hybrid gain less
resistance than those evolved in the equivalent mixture of the hybrid’s components because the
hybrid evades resistance mediated by the multiple antibiotic resistance (mar) operon.
Furthermore, we establish that the ciprofloxacin moiety of the hybrid inhibits bacterial growth
while the neomycin moiety diminishes the effectiveness of mar activation. Together,
comparative investigation of the phenotypic and genotypic paths to resistance can help pinpoint

unique properties of new compounds that limit the emergence of resistance.

! This collaborative work has been submitted for publication. The authors are Kathy K. Wang,
Laura K. Stone, Tami D. Lieberman, Michal Shavit, Timor Baasov, Roy Kishony.
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Introduction

Drug resistance is a growing problem in cancer and infectious disease'”. Prolonged use
of chemotherapeutic agents inevitably selects for resistance in the target organisms, reducing
drug efficacy. Most anticancer and antimicrobial drugs target a single essential process, allowing
resistance to rapidly emerge by spontaneous mutations or horizontal transfer of resistance
genes'”.

Drug combinations have long been employed to slow down the evolution of resistance.
Drugs with different mechanisms of action often require different resistance mutations, such that
the probability of any cell simultaneously gaining resistance to both drugs is extremely low™”.
Furthermore, when combinations are used, synergistic or antagonistic drug interactions can alter
the evolution of resistance™’. In addition, the evolution of resistance to drug combinations can be
slowed if a mutation that confers resistance to one drug increases sensitivity to another drug’”'".

Another intriguing possibility is that chemically linking two drugs into a single hybrid
molecule can incorporate the properties of both compounds and attack the target cell via two

12-14

modes of action ~ . This dual-action strategy could be used to ensure simultaneous delivery of

two drugs to the target cells, improve pharmacokinetic and pharmacodynamic properties'”, avoid

18,19

toxicity'®, lead to better uptake'’, and increase retention'®'”. Furthermore, these hybrid

compounds often surpass their component drugs, either alone or in combination, by maintaining

19-24

their activity against cells that are resistant to one or both of the component drugs ", and can

. 19,24
even decrease the frequency of resistant mutants .

However, it is unclear how hybrid compounds affect resistance acquisition®. Indeed,

22,26

some hybrid antibiotics select for high levels of resistance™ . In cases where resistance is

impeded, the hybrid’s ability to stave off resistance may result from a range of mechanisms,
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including increased target affinity, drug interactions or collateral sensitivity between its
components, a new mode of action, or the ability to escape efflux or degradation.

Here, we focus on a hybrid that links two commonly used antibiotics, ciprofloxacin (Cpr)
and neomycin B (NeoB). A Cpr-NeoB hybrid may take advantage of a dual mode of action™".
Cpr is a fluoroquinolone that inhibits DNA replication by binding to DNA gyrase and

. 27,28
topoisomerase IV 7

. NeoB is an aminoglycoside that inhibits protein translation by binding to
the 30S ribosomal subunit”. Hybrid compounds of these two antibiotics were shown to have
increased in vitro affinity to Cpr targets, with slightly reduced in vitro activity on the NeoB
target™. These Cpr-NeoB hybrids were able to overcome resistance by both horizontally
transferred mechanisms, such as modification by plasmid-born neomycin resistance genes, and
vertical evolution®*.

To understand the way and extent to which these Cpr-NeoB hybrid compounds limit the
evolution of resistance, we followed the phenotypic and genotypic evolution of resistance to a
hybrid and to combinations of its component antibiotics. We measured the cross-resistance of
experimentally evolved strains and used genomic sequencing to identify adaptive mutations in

each condition. Comparing these data across different drug conditions, we identified genotypic

constraints that limit resistance to the hybrid antibiotic.

Results

Escherichia coli evolve less resistance to the hybrid antibiotic than to an equimolar mixture of
its components.
We measured how E. coli K-12 MG1655 evolve resistance to the 1m hybrid (Fig. 3.1a)**

compared to four combinations of its parent antibiotics, Cpr and NeoB (Table 3.1). E. coli were

51



Hybrid 1m

Ciprofloxacin Neomycin B

SR
%@@%@%§w1
%%@?%%%wz

i
SSESESEha

[Drug]

Figure 3.1. Assessing resistance to antibiotic hybrid 1m. (a) Hybrid compound 1m chemically

links two antibiotics, ciprofloxacin and neomycin B. (b) Schematic of the serial passage selection

procedure for a single population. Darker yellow culture color indicates higher bacterial density.

In total, 50 parallel populations were evolved in 5 drug selection conditions, and 4 parallel

populations were evolved in no drug, over 17 days. The populations were evolved in 2-fold

dilution series of compound(s). For each population, the well growing at the highest

concentration of drug was propagated daily into fresh drug. On each day of passage, the drug

concentration range was adjusted such that the highest concentration was at least 8x the greatest

minimum inhibitory concentration (MIC) across all populations in that drug.
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Table 3.1. Initial and final minimum inhibitory concentrations (MICs) in each of five

antibiotic treatments.

Fold MIC Increase

Antibiotic(s) Day 1 MIC (uM) Day 17 MIC (pM) (Day 17/Day 1)
O Ciprofloxacin (Cpr) 0.1 +£0.0 45+1.4 453 +£14.2
I:I Neomycin B (NeoB) 21.4+15 98.5 +20.5 46+1.0
@_E Hybrid 6.2+0.7 30.3+3.4 49+07
@ I] (CE%MTGOB = 1:1 Molar 0.11 £0.02 uM 4.2+0.48 36.8 + 5.1
@ (CE%;,'\)‘GOB =MICenMICreos  ( 05:10 £ 0.0:0.0 0.19:37.3 £0.01:2.6 37+03

The table lists, for each antibiotic selection condition, the average MIC values of the ancestral
strain (Day 1 MIC) and evolved strains (Day 17 MIC), and the fold increase in MIC + standard
error of the mean. Day 1 and 17 MICs are averages of the ten populations evolved in parallel.
The five drug selection conditions are ciprofloxacin only (Cpr, blue circle), neomycin B only
(NeoB, red square), the hybrid compound, Cpr and NeoB mixed in a 1:1 M ratio, and Cpr and
NeoB mixed in a ratio proportional to their initial MICs (MIC¢,,:MICy,,p). The MIC,:MICy 5
mixture is intended to compensate for the dissimilar MICs of Cpr and NeoB and maintain

selective pressure on bacteria to develop resistance to both compounds.

53



evolved in Cpr and NeoB individually and in two different mixtures. The equimolar (EqM)
mixture contains Cpr and NeoB in the same ratio as the hybrid: one molecule of Cpr per
molecule of NeoB (Table 3.1). The equipotent (EqP) mixture compensates for the different
potencies of Cpr and NeoB by mixing them in a ratio proportional to their minimal inhibitory
concentrations (MICs), thus applying selective pressure on both drugs’ targets simultaneously
(Table 3.1). The equipotent ratio is based on the MICs of the ancestral strain and is kept constant
for the duration of the experiment (Fig. S2.1). To account for the stochasticity of the
evolutionary process, 10 replicate, parallel populations of E. coli were evolved in each of the five
drug selection conditions. All populations were evolved through 17 days of serial selection in
twofold dilution series of drug, passaging from the highest drug concentration allowing growth
(Fig. 3.1b, Fig. S2.2, Methods).

Assuming that chemically linking Cpr and NeoB does not change their individual
activities and the spectrum of resistance mutations, resistance to the hybrid and to the EQM
mixture should evolve similarly because both conditions contain one molecule of Cpr per
molecule of NeoB. Furthermore, under this assumption, evolution in the hybrid and the EQM
should be similar to evolution in Cpr alone. The initial MIC of Cpr is ~200 times less than that of
NeoB (Table 3.1, Fig. S2.1), making it the vastly more potent of the two components and the
main evolutionary pressure.

Despite this expectation, strains evolved in the hybrid gained much less resistance than
strains evolved in the EQM mixture and strains evolved in Cpr. On average, populations evolved
in Cpr or the EqQM mixture developed a 40-fold increase in resistance (Fig. 3.2a). However,
strains evolved in the hybrid averaged only a 4.6-fold increase in resistance (Table 3.1, Fig.

3.2a). In fact, selection in the hybrid resulted in a rate and level of MIC increase resembling
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Figure 3.2. Evolution of resistance to hybrid compound follows a different trajectory than
an equimolar mixture of components. (a) Mean resistance trajectories. Populations were
evolved in each of five drug conditions and serially passaged daily for 17 days. Each line
indicates average minimum inhibitory concentration (MIC: highest drug concentration where
ODg < 0.2) of 10 replicate populations relative to the ancestral control strain on the same plate.
Error bars indicate standard error. The histogram at right shows the distribution of day 17 MICs.
(b) Increase (arrow) in absolute MIC between day 1 (start point) and day 17 (end point) of the

evolution experiment. Error bars indicate standard error.
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selection in NeoB and the EqP mixture (Fig. 3.2). This could be explained by the hybrid
unexpectedly acting through its NeoB moiety, or acting through its Cpr moiety but avoiding a

specific resistance mechanism.

Phenotypic cross-resistances of evolved strains suggest that the hybrid primarily inhibits Cpr
targets

To understand the basis of this diminished resistance, we tested the cross-resistance
phenotypes of all evolved strains to all selection conditions (Fig. S2.3) and found evidence that
the hybrid restricts growth primarily through its Cpr moiety. Firstly, all strains evolved in the
hybrid gained Cpr resistance (2.2-10 fold), suggesting that the hybrid’s Cpr moiety may drive the
evolution of hybrid resistance (Fig. 3.3a). Secondly, the strains evolved in the hybrid are not
NeoB resistant, but actually show increased sensitivity to NeoB (Fig. 3.3a). This could imply
that the NeoB moiety does not place sufficient pressure on the cell to select for resistance, or it
could mean that NeoB resistance mutations are incompatible with Cpr resistance mutations.
Contrary to the latter hypothesis, the populations evolved in the EqP mixture gain both Cpr and
NeoB resistance (Fig. 3.3a), proving that it is possible to evolve resistance to both drugs.
Therefore, the Cpr moiety appears to be responsible for the hybrid’s inhibitory effect, while the
antibacterial contribution of its NeoB moiety is negligible.

While the hybrid acts primarily through its Cpr moiety, the hybrid-evolved strains do not
gain as much Cpr resistance as the Cpr-evolved strains (Fig. 3.3b). Cpr-evolved strains
developed a 7.4-fold higher increase in Cpr resistance than hybrid-evolved strains, suggesting
that strains evolved in the hybrid do not access all Cpr resistance mutations (Fig. 3.3b).
Furthermore, high Cpr resistance does not translate into high hybrid resistance; strains evolved in

Cpr gain only as much hybrid resistance as strains evolved in the hybrid (Fig. 3.3b, Fig. S2.3),
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Figure 3.3. Selection for resistance to hybrid 1m and molar mixture is driven by the
ciprofloxacin component. (a) Log, ciprofloxacin and neomycin B IC50s of day 17 isolates
relative to the ancestral strain. Each point represents a single isolate from one evolved
population. Isolates were evolved in Cpr (blue); NeoB (red); equipmolar (EqM) mixture (purple);
equipotent (EqP) mixture (green); hybrid compound (orange). (b) Mean Cpr and hybrid
resistance (IC50 relative to the ancestral strain) of isolates selected in Cpr and the hybrid. Bars
represent averages of 10 single colonies, one picked from each final evolved population. Error
bars indicate standard error. (¢) Mean EqM and hybrid resistance (relative IC50) of isolates
selected in EqM and the hybrid. Bars represent averages of 10 single colonies, one picked from

each final evolved population. Error bars indicate standard error.
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suggesting that only a subset of the Cpr resistance mutations provides resistance to the hybrid.
The EqM-evolved strains match the phenotype of the Cpr-evolved strains: an 8.1-fold higher
increase in resistance to the EQM mixture arose in EQM-evolved strains compared to hybrid-
evolved strains (Fig. 3.3b, Fig. S2.3). This shows that the mere presence of NeoB does not limit
Cpr resistance. Only when NeoB is linked to Cpr, as in the hybrid, is an EqQM ratio of Cpr and

NeoB able to limit resistance.

Genotypic data reveals constraints on the evolution of resistance to the hybrid

To identify the resistance mutations and understand the constraints on evolution to the
hybrid, we sequenced the whole genomes of isolates from all 50 evolved populations, as well as
the ancestral strain and 4 isolates from populations passaged without drug selection. We
identified single-nucleotide polymorphisms (SNPs) and small insertions and deletions (indels)
that differed from the wild-type E. coli MG1655 genome and were not present in the no-drug
controls (Methods). A total of 219 mutations were identified in 104 unique genes (Table S2.1).
Mutations displayed strong parallelism, with 51% of mutations present in genes that were
mutated in at least 3 different populations (Fig. 3.4a).

The mutational profiles mimicked the phenotypic results, with isolates evolved in the
hybrid having mutation profiles similar to those evolved in Cpr and different from those evolved
in NeoB. The gene gyr4, which encodes the Cpr target DNA gyrase, was mutated in 9 out of 10
parallel populations evolved in Cpr, all 10 populations evolved in the EqQM mixture, and in 9 out
of 10 populations evolved in the hybrid (Fig. 3.4a). In contrast, fits4, which encodes the
ribosomal translocase elongation factor G, was mutated in 7 out of 10 parallel NeoB-evolved

populations, but was not mutated in any of the hybrid-evolved populations (Fig. 3.4a). In line

58



Figure 3.4. The hybrid antibiotic limits evolution of resistance by restricting the effect of
marR mutations. (a) Resistance mutations found by genomic sequencing of single colonies,
grouped by each antibiotic selection condition. Genes mutated in at least three independent
isolates are included. Colors indicate the total number of mutated isolates in each selection
condition. Selection conditions are: Cpr, equimolar mixture (EqM), hybrid 1m (Hyb), equipotent
mixture (EqP), and NeoB. (b) Similarity of mutated genes, assessed by mean fraction of total
mutated genes shared between any two of fifty random mutants from either the same or different
selection condition. (c¢) Relative IC50 of E. coli BW25113 AmarR compared to wild-type
BW25113. Schematic represents regulation of marRAB operon, with marR deletion indicated. d)
Relative IC50s of E. coli BW25113 transformed with ASKA marA overexpression vector
compared to E. coli BW25113 transformed with control vector. Expression was induced with10

uM or 100 uM ITPG. Error bars indicate standard error.
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Figure 3.4 (Continued). The hybrid antibiotic limits evolution of resistance by restricting

the effect of marR mutations.
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with these results, group analysis across all mutated genes showed that hybrid-selected
populations are similar to Cpr-selected populations and distinct from NeoB-selected populations
(Fig. 3.4b). In total, this data suggests that both the hybrid compound and the EqM mixture

mainly inhibit cell growth through the Cpr component.

Absence of marR mutations limits resistance to the hybrid antibiotic

Surprisingly, mutations in one gene, marR, arise from selection in the EQM mixture and
Cpr, but not in the hybrid antibiotic. The marR transcriptional repressor is the negative regulator
of the marRAB operon, which controls the multiple antibiotic resistance (Mar) phenotype (Fig.
3.34c¢). Mutations in marR arose in 8 out of 10 isolates evolved in Cpr and in 9 out of 10 isolates
evolved in the EQM mixture (Fig. 3.4a). However, no marR mutations arose in any hybrid-
evolved strains (Fig. 3.4a). Given this mutational pattern, we hypothesized that marR is
responsible for the disparity in phenotypic cross-resistance between the hybrid and Cpr.

To investigate whether marR mutations confer resistance to the hybrid, we compared the
activities of the hybrid, Cpr, the EQM mixture, and NeoB against a marR knockout and wild-type
E. coli. As expected from the genomic data, the marR knockout was 1.7-fold more resistant to
Cpr and 2.2-fold more resistant to the EQM mixture (Fig. 3.4c). However, this mutant was not
resistant to the hybrid (Fig. 3.4¢). Therefore, inactivating mutations in marR confer resistance
specifically to Cpr and the EQM mixture but not to the hybrid. Differences in resistance
conferred by marR deletion account for 16% of discrepancy in resistance between hybrid-
evolved strains and Cpr-evolved strains (Fig. 3.3b, 3.4¢), and 23% of the discrepancy between
hybrid and EqM-evolved strains (Fig. 3.3¢, 3.4¢). Overexpression of marA also confers

resistance to Cpr and the EQM mixture in a dose-dependent manner, but has no effect of
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resistance to the hybrid (Fig. 3.4d). Thus, the inability of the mar phenotype to confer resistance
to the hybrid explains why the hybrid selected for less resistance in the evolution experiment,
compared to Cpr and the EQM mixture. We hypothesize that the hybrid drug evades marRAB-
regulated drug efflux, a major mode of multidrug resistance, thereby greatly restricting the paths

to resistance.

Discussion

Using a combination of experimental evolution, cross-resistance profiling, and genomic
sequencing, we show that linking antibiotics can produce unexpected properties. The 1m hybrid
inhibits bacterial growth through its Cpr moiety and limits resistance through its NeoB moiety.
Our results suggest that the hybrid drug binds effectively to the well-known Cpr target, gyrA4, as
bacteria evolved resistance to the hybrid primarily through mutations in this gene. The absence
of marR mutations in hybrid- and NeoB-evolved strains suggests that the NeoB component is
limiting efflux-mediated resistance to the hybrid.

MarR is a repressor of the marRAB operon that regulates the AcrAB-TolC efflux system,
outer membrane porins such as OmpF, and other genes that modulate susceptibility to multiple

30-32

antibiotics™ ~°. Mutations in marR are known to increase resistance to a broad spectrum of

antibiotics, including fluoroquinolones (such as Cpr), B-lactams, tetracycline, and

33,34
1 B

chloramphenico . However, aminoglycosides such as NeoB are highly hydrophilic and

cannot be exported through the AcrAB-TolC efflux system upregulated by marR mutations®°.
Therefore, the NeoB component could limit marR-mediated efflux of the hybrid, thereby

removing marR as a path to hybrid resistance.
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To the best of our knowledge, the 1m Cpr-NeoB hybrid antibiotic studied here is the first
quinolone that can evade resistance mediated by the multiple antibiotic resistance (mar) operon.
Furthermore, this Cpr-NeoB hybrid series has higher in vitro affinity to the quinolone targets,
DNA gyrase and topoisomerase IV, than Cpr itself**. However, the 1m Cpr-NeoB hybrid has
inferior whole-cell activity compared to Cpr (Table 3.1), suggesting poor permeability. The size
and hydrophilicity of the NeoB moiety may be responsible for both the hybrid’s poor penetration
and its ability to evade the mar pathway. Since the hybrid’s antibacterial activity does not rely on
NeoB binding to the ribosome, it is likely that the NeoB moiety may be substituted with
chemically similar groups or substructures of NeoB to find a compromise between increasing
import and evading the mar pathway.

These results can inform the future design of hybrid compounds that aim to prevent the
emergence of multidrug resistance. Hybrids can have properties beyond those of its individual
components, and important functions other than binding canonical drug targets. Therefore, even
when the two component drugs of a hybrid have dissimilar molar MICs, combining the drugs can
have a beneficial effect. In this case, a potent antibiotic whose efficacy is eventually limited by
efflux-mediated resistance is linked to a less potent antibiotic that prevents efflux, resulting in a
compound that combines the benefits of the first component’s mechanism and the second
component’s restriction on resistance. Future hybrid compounds could be developed according to
this principle to limit the emergence of multidrug resistance in cancer and infectious disease.

The approach developed here represents a general way to evaluate new hybrid
compounds for function and resistance evolution potential. By comparing the mutational
pathways between a hybrid compound and its components, we can tease apart each moiety’s

contribution to efficacy and resistance. We anticipate this comparative approach may be useful
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not only for hybrid drugs, but also for evaluating analogs of the same chemical scaffold.
Assessing the mutational paths that a compound prevents —not just those taken—is a powerful

tool for understanding, predicting, and manipulating the evolution of resistance.

Methods

Strains

Escherichia coli K-12 MG1655, a gram-negative laboratory strain with minimal genetic
manipulation and no plasmids, was used as the ancestral strain during experimental evolution®’,
A single colony of E. coli MG1655 was picked and grown overnight to saturation at 37°C with
shaking at 225 rpm. Aliquots of the ancestral strain were stored at -80°C in 16.7% glycerol and
were used to initiate the evolution experiment and to serve as ancestral controls (1/500 dilution).
The AmarR strain was generated by using pCP20-delivered FLP recombinase™ to remove kanR
from the AmarR::kanR strain (JW5248) of the E. coli BW25113 Keio collection®”. The marA4
overexpression strain was generated by transformation of the ASKA OREF library marA4 vector

into E. coli BW25113%,

Drug conditions

Stocks of antibiotics Cpr only, NeoB only, the equimolar (EqM) mixture, and the equipotent
(EqP) MICcpr:MICneop mixture were prepared in LB media from powder stocks, by two-fold
dilution in 25mL of LB, starting at ~512 times their MICs. Stocks were stored at 4°C. Conditions
with hybrid were prepared fresh each day, from 2 mg/mL stocks in dH,O stored at -20°C, due to

limited quantities of the drug.
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Experimental evolution

Evolution experiments were conducted in 96-well Corning microtiter plates with a final volume
of 150 uL per well. Each of the 12 columns contained a 2-fold dilution series of one drug
condition. The drug concentration range for the hybrid was adjusted daily such that the highest
concentration was at least 8 times the MIC of the most resistant lineage. Minimum inhibitory
concentration (MIC) was set as the lowest drug concentration where ODgg < 0.2. Each plate
included one column for the ancestral control, and one column with no bacteria as a control for
contamination. Each of the remaining 10 columns contained replicate populations of bacteria.
Each day, the 600 nm absorbance (ODg) of the cultures was measured using the Victor3
Multilabel Plate Counter (PerkinElmer). For each population (each column excluding ancestral
controls and blanks), the well with an ODgg above 0.4 at the highest concentration of antibiotic
was propagated. An aliquot of each selected well was diluted 1/500 into a new antibiotic gradient
plate. Each plate was covered with an AeraSeal (EXCEL) and incubated for 21 hours at 37°C,
with shaking at 900 rpm on a Titramax 1000 (Appleton Woods). The remaining population in
each selected well was stored at -80°C, in 5% DMSO. Populations were evolved for 17 days. As
a control, four ancestral populations of E. coli MG1655 were also propagated in 150 ul of LB

without antibiotic selection.

Retrospective phenotyping of evolved strains

At the end of 17 days of selection, samples from all 54 cultures, one for each final evolved
population, were streaked onto LB agar plates and grown overnight at 37°C without antibiotic
selection. Single colonies were picked and grown to saturation in 2 mL of LB at 37°C, and then
separated into aliquots for either (1) storage at -80°C in 5% DMSO, (2) assessment for resistance

to all five drug conditions using the same conditions and plate layout as that used in the
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evolution experiment, or (3) genomic DNA extraction. In the retrospective assessment of
resistance to all drug conditions, the final ODgop measurements at each drug concentration were

fit to a four-parameter logistic model to find the concentration of 50% inhibition (IC50).

Genomic sequencing

A total of 55 single colonies were sequenced: 10 isolates evolved in each of 5 conditions (Cpr
only, Neo only, EQM mix, EqP mix, and hybrid), 4 no-selection controls, and 1 ancestral control.
Genomic DNA was extracted from 500 pL cultures of each colony using the PureLink Pro 96
Genomic DNA Purification Kit (Invitrogen) according to the supplier’s protocol. Purified DNA
was quantified using the Quant-iT™ High-Sensitivity DNA Assay Kit (Life Technologies).
Sequencing libraries were prepared using the Nextera XT DNA Sample Preparation Kit
(Illumina) with 0.2 ng of input DNA. 42 samples were sequenced at Axeq Technologies, Seoul,
South Korea, on an Illumina HiSeq 2000, on one lane of a 100 bp paired-end run. The remaining
samples were sequenced at the Harvard Medical School Biopolymers Facility, on an Illumina
HiSeq 2500, on one lane of a 100 bp paired-end run. Reads were trimmed using Sickle and
aligned to the E. coli MG1655 reference genome (Genbank accession number U00096.2) with
Bowtie2*'. Over 99.7% of reads aligned to the reference genome, and average coverage across a
sample ranged between 5x and 65x (median 32x). SNPs were identified using SAMtools** and
consensus quality (FQ score) cutoff of less than -55 for inclusion. Each variant position that met
this cutoff in at least one strain was investigated in remaining strains, and a best call was made
based on the aligned reads. Several co-localized false-SNP calls near a large 15kb deletion were
manually discarded. Small insertions and deletions (indels) were called using Dindel®.
Candidate indels found in one strain were explicitly tested for in all strains; indels with a quality

score greater than 20, with at least 30% of reads in the region supporting the indel, and that were
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not found in any of the control strains were accepted. Gene names and products not annotated in

the Genbank were annotated using UniProt and GeneExpDB.

Growth of mutant strains

Growth of the AmarR strain was compared with growth of wild-type E. coli BW25113. Growth
of the ASKA marA overexpression strain was compared with growth of £. coli BW25113
transformed with ASKA/ApYFP control vector. ASKA vectors were induced with 10 uM or 100
uM IPTG. Cultures were diluted 1/500 into 150 pL final volume of LB with two-fold drug
dilutions and incubated at 37°C for 21 hours with shaking at 900 rpm. For each strain, ODggo
measurements at each drug concentration were pooled from three replicates and fit to a four-

parameter logistic model to determine the concentration of 50% inhibition (IC50).
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Chapter 4: Concluding Remarks

Antibiotic resistance is a worldwide public health concern. The work described here
builds upon two strategies in the growing arsenal of tools to stave off resistance.

Several recent works have put collateral sensitivity in the spotlight as a potential strategy
to reduce the evolution of resistance. This interest combined with the screening platform
described here (Chapter 2) will lead to the identification of more collateral sensitivity
relationships for well-optimized resistance genes and cassettes. This work provides valuable
proof of concept that compounds that select against well-optimized resistance genes and
cassettes can be found through high-throughput screening. An industrial-sized screen would
likely reveal many more compounds that select against resistance mechanisms. Moreover, this
methodology can be easily adapted to other organisms and resistance mechanisms. Combining
selection-inverting drugs with conventional antibiotics may provide novel antimicrobial
treatments that are effective against resistant pathogens, prevent susceptible infections from
developing resistance, and potentially even revert resistant bacterial populations back to
susceptibility.

Such selection-inverting drugs would be most useful paired with a traditional antibiotic in
a two-phase treatment strategy against long-term resistant infections. A long-term infection has a
higher probability of developing resistance and would allow time for both treatment phases. This
strategy requires monitoring the infection with rapid diagnostics to identify the resistance profile
of the pathogen and the resistance mechanism(s) present.

Particularly promising are compounds that select against resistance genes and cassettes
present on mobile elements. These mobile elements enable resistance genes to spread quickly to

new strains and species. However, because of the genetic instability that allows them to move

72



around, the spontaneous loss of a mobile element occurs much more frequently than a SNP
resistance mutation. Furthermore, as the most dangerous resistance cassettes contain multiple
antibiotic resistance genes, a compound that selects successfully for loss of the mobile element
may confer additional susceptibilities. This also implies, however, that a selection-inverting
compound may prove less effective if administered at the same time as another drug to which the
transposon provides resistance. Additionally, if the resistance mechanism is not on a mobile
element, than nullifying mutations in the resistance gene are likely to occur at similar frequencies
to SNP resistance mutations elsewhere in the genome, compromising the selection-inverting
compound’s ability to remove the resistance gene from the population.

More broadly, drugs designed to alter the competition between strains rather than wipe
out all bacteria present may be used in a host of settings. For example, selection-inverting
compounds could be used to lower agricultural reservoirs of antibiotic resistance. The success of
this strategy would likely require the absence of the corresponding antibiotic. In addition to
modulating the competition between resistant and sensitive strains, compounds could be used to
alter competition to favor symbiotic strains and species over pathogenic ones. For example, a
therapy that alters the balance between Clostridium difficile and other gut bacteria could be used
to encourage recolonization of beneficial species in patients with dysbiosis.

Antibiotic combinations have also received renewed attention for their ability to reduce
the evolution of resistance. However, drug pairs with promising in vitro properties may fail to
deliver results in the clinic due to different pharmacokinetic and pharmacodynamic profiles.
Linking the two compounds together into one hybrid molecule can ensure they are absorbed and
delivered at equimolar levels across the body, avoiding spatial monotherapy. In addition to

creating compounds with two mechanisms of action, hybrids can combine the antibacterial
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activity of one component with the resistance evasion of the other to reduce the evolution of
resistance compared to an unlinked mixture (Chapter 3). In this way, hybrid antibiotics can
avoid the canonical resistance mutations of their components and restrict the paths to resistance.
Chapter 3 represents the most extensive examination of hybrid compound resistance evolution to
date. Applying our comparative phenotypic and genetic approach to hybrids composed of
different antibiotic classes will help determine if other drug combinations can similarly limit

resistance when linked.
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Appendix 1: Supplementary Materials for Chapter 2: New
compounds that select against the tetracycline resistance

efflux pump (S1)
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Figure S1.1. Custom 48-well screening plate. We adapted a design for 48-well
plates' to be compatible with high-throughput screening robots and 384-well compound
storage plates. The plates have ANSI/SLAS standard dimensions, with 24 columns
corresponding to those of a 384-well plate and 2 rows beginning at the A and | positions
of a 384-well plate. The plates are machined from polycarbonate sheet and additional
polycarbonate spacers (in pink) are affixed with chloromethane. Measurements are in
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Figure S1.2. Automated image analysis identifies hit compounds. (a) An assay
plate from the screen. Compounds are pinned at the top of each well, then diffuse
through the agar creating concentration gradients. A top agar seeded with fluorescently-
tagged tetracycline susceptible (TetS) and resistant (Tet®) bacteria is applied on top of
the concentration gradients. Wells A1-A2, A23-A24, B1-B2, and B23-24 contain fusaric
acid, doxycycline, ciprofloxacin, and DMSO vehicle control respectively. The hit
compound in B9 is disulfiram. (b) Ciprofloxacin is included as a control for compounds
that exhibit no or weak selection for Tet®. Automated image analysis identifies the
highest points on the concentration gradient (corresponding to the distance from the top
of the well) where each strain is at half-max growth. The difference between these
points (Ad) is used to score hits. (¢) Comparing the Ad of test compounds in one strain
pair to their Ad in the dye swap can be used to remove autofluorescent compounds from
further analysis. Compounds that have positive Ad for both strain pairs select against
tetracycline resistance, compounds that have negative Ad for both strain pairs select for
tetracycline resistance, while compounds that have a positive Ad in one strain pair and a
negative Ad in the other are autofluorescent.
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Figure S1.3. p-thujaplicin and disulfiram reproducibly select against TetR. The
competition assay was repeated with compound fresh from the manufacturers to verify
disulfiram and p-thujaplicin’s differential activity against TetR. Petri dishes were spotted
with 1 pL B-thujaplicin, 6 pL disulfiram, and 3 pL fusaric acid, all dissolved in DMSO at
15 mg/mL. The drugs were allowed to diffuse for 24 h. Then, the plates were inoculated
with a 1:1 mixture of TetS (shown in green) and Tet® (shown in red) E. coli and incubated
for 16-18 h. Fluorescent imaging reveals the level of competition between the two
strains. The assay is performed in duplicate with a dye swap. (a) Competition between
pC (TetS, CFP-tagged, shown in green) and t17pY (TetR, YFP-tagged, shown in red). (b)
Competition between pY (TetS, YFP-tagged, shown in green) and t17pC (Tet?, CFP-
tagged, shown in red).
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Figure S1.4. Dose responses for g-thujaplicin analogs. TetS (WT) and TetR (t17) cells
are inoculated on a linear dilution series of compound with media supplemented with
ATC to induce tetA expression and incubated for 24 h. Growth is measured by OD60O0.
The linear black dashed lines indicate the mean IC50s for the Tet® and TetS strains
across six replicates. Error bars indicate standard deviation across six replicates.
Shown are dose responses for (a) a-thujaplicin, (b) tropolone, (¢) chlorotropone, (d),
methoxytropone, (e), and tropone.
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Figure S1.5. Selection for Tet® over Tet® measured by flow cytometry. To quantify
the degree of selection against tetracycline resistance, a 1:1 mixture of CFP-tagged TetS
(pC) and YFP-tagged TetR (t17pY) cells was added to a linear dilution series of each
drug and incubated for 24 h. The media was supplemented with ATC to induce
expression of tetA. Flow cytometry was used to count the number of Tet? (NTet®) and
TetS (NTetS) cells. The ratio of TetS to Tet? cells (NTetS/NTetR) gives the selection for the
TetS strain at each drug concentration. This ratio is normalized to the ratio of NTetS/
NTetR in wells with no drug and then averaged over a minimum of 5 replicates. The
integral (gray) of the selection over all concentrations in which cells can grow is
considered the total selection (selectivity) for TetS by that compound. At concentrations
above those shown, neither TetS nor Tet® cells grow. Error bars indicate standard
deviation across a minimum of five replicates. Shown are results for (a) fusaric acid, (b)
disulfiram, (¢) a-thujaplicin, (d) tropolone, (e) chlorotropone, (f) methoxytropone, and (g)
tropone.
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Figure S1.6. TetR strain loses its tetracycline resistance when evolved in g-
thujaplicin. Eight populations (black) of the Tet® t17 strain were serially transferred in
dilution series of B-thujaplicin for 7 days, then in dilution series of doxycycline for 3 days.
For each population, the well growing at the highest concentration of drug was
transferred daily. Each strain became more p-thujaplicin resistant, eventually matching
the WT strain (green), which is equivalent to the t17 ancestor without Tn10. When
transferred to doxycycline, all of the p-thujaplicin evolved strains were doxycycline
susceptible (TetS). All but one of the p-thujaplicin evolved strains remained TetS, even
after selection in doxycycline, indicating that seven out of eight populations have
permanently lost their TetR phenotype. In contrast, three populations of the Tet? t17
strain that were serially transferred in a fixed concentration of DMSO (blue), equivalent
to the highest DMSO concentration in the p-thujaplicin dilution series, remained TetR.
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Figure S1.7. Dose responses of all compounds in Tet® and TetR without ATC
induction of tetA. TetS (WT) and Tet® (t17) cells are inoculated on a linear dilution
series of compound and incubated for 24 h, without ATC induction of tetA. Growth is
measured by OD600. Error bars indicate standard deviation across six replicates.
Shown are dose responses for (a) fusaric acid, (b) disulfiram, (¢) p-thujaplicin, (d) o-
thujaplicin, (e) tropolone, (f) chlorotropone, (g) methoxytropone, and (h) tropone.
Without ATC induction of tetA, the TetR and Tet® dose response are equivalent for all
compounds.
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Figure S1.8. Figure S1.8. Selection for TetS over Tet® measured by flow cytometry
without ATC induction of tetA. To quantify the degree of selection against tetracycline
resistance, a 1:1 mixture of fluorescently tagged TetS and Tet® cells was added to a
linear dilution series of each drug and incubated for 24 h, without ATC induction of tetA.
Flow cytometry was used to count the number of Tet? (NTetR) and TetS (NTetS) cells. The
ratio of TetS to TetR cells (NTetS/NTetR) gives the selection for the TetS strain at each drug
concentration. This ratio is normalized to the ratio of NTetS/NTetR in wells with no drug
and then averaged between two dye-swapped replicates. One replicate contains CFP-
tagged TetS (pC) and YFP-tagged TetR (t17pY) cells. The other replicate contains YFP-
tagged TetS (pY) and CFP-tagged Tet® (t17pC) cells. Error bars indicate standard
deviation between two replicates. Shown are results for (a) fusaric acid, (b) disulfiram,
(e) p-thujaplicin, (d) a-thujaplicin, (e) tropolone, (f) chlorotropone, (g) methoxytropone,
and (h) tropone.
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Figure S1.8 (Continued). Figure S1.8. Selection for Tet® over TetR measured by
flow cytometry without ATC induction of tetA.
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Figure S1.9. PCR amplification of tetA from b-thujaplicin resistant t17 mutants.
The presence and size of the tetA gene was detected by PCR amplification and gel
electrophoresis. The expected band size is 1086 bp if tetA is present and uninterrupted.
Numbered wells are colonies selected on 15 pug/mL p-thujaplicin. Wells marked WT and
t17 contain the PCR product amplified from Tet® and Tet? ancestral controls,
respectively. Wells marked E contain reactions with no template. Wells marked M
contain 1 kb DNA ladder (New England Biolabs). All WT controls had f-thujaplicin
minimum inhibitory concentrations (MICs) of 20 yg/mL, doxycycline MICs of 5 pg/mL,
and no PCR product. All t17 controls had a p-thujaplicin MICs of 15 pyg/mL, doxycycline
MICs of 80 pyg/mL, and a ~1 kb PCR product. All B-thujaplicin resistant mutants had §-
thujaplicin MICs of 20 pug/mL, doxycycline MICs of 5 yg/mL, and no PCR product or a
1.5-2 kb PCR product (indicating a large insertion in tetA), unless otherwise indicated.
(a) Colonies 1-14. Colony 2 has a p-thujaplicin MIC of 15 pyg/mL and is therefore
considered B-thujaplicin susceptible and not included in Fig. 3b analysis. Colony 2 also
has a doxycycline MIC of 80 yg/mL and a 1 kb PCR product, indicating tetA is present
and intact. Colony 3 has a p-thujaplicin MIC of 20 yg/mL, a doxycycline MIC of >100 g/
mL, and a 1 kb PCR product, indicating tetA is present and intact. Genomic sequencing
of colony 3 revealed a frameshift mutation in marR and an 1S10 insertion in ynbA (Table
$1.2). (b) Colonies 15-27. (c) Colonies 28-40. (d) Colonies 41-50. (e) Colonies 51-64.
Measurement of the starred t17 control (*1) was repeated (Fig. S1.11). (f) Colonies
71-77. (g) Colonies 78-90. (h) Colonies 91-100.
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Figure S1.9 (Continued). PCR amplification of tetA from b-thujaplicin resistant t17
mutants.
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Figure S1.9 (Continued). PCR amplification of tetA from b-thujaplicin resistant t17
mutants.
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Figure S1.10. PCR amplification of tetA from disulfiram resistant t17 mutants. The
presence and size of the tetA gene was detected by PCR amplification and gel
electrophoresis. The expected band size is 1086 bp if tetA is present and uninterrupted.
Numbered wells are colonies selected on 40 pyg/mL disulfiram. Wells marked WT and
t17 contain the PCR product amplified from Tet® and Tet® ancestral controls,
respectively. Wells marked E contain reactions with no template. Wells marked M
contain 1 kb DNA ladder (New England Biolabs). All WT controls had doxycycline MICs
of 5 pyg/mL and no PCR product. All t17 controls had doxycycline MICs of 80 yg/mL and
a ~1 kb PCR product. The WT controls had a disulfiram MIC of 16 + 7.8 yg/mL (mean
and standard deviation across 28 replicates). The t17 controls had a disulfiram MIC of
12 + 4.1 pg/mL disulfiram (mean and standard deviation across 29 replicates).
Therefore, a disulfiram MIC of 30 pyg/mL or higher was used as the threshold for
declaring a colony disulfiram resistant. All disulfiram resistant mutants had disulfiram
MICs of 30 pyg/mL or greater, doxycycline MICs of 5 yg/mL, and no PCR product or a
1.5-2 kb PCR product (indicating a large insertion in tetA), unless otherwise indicated.
Colonies 5, 8, 15, 17, 23, 26, 34, 48, 54, & 64 have Dsf MICs of 10 yg/mL and are
therefore not considered disulfiram resistant. Colonies 14, 20, 80 have Dsf MICs of 20
pg/mL and are therefore not considered disulfiram resistant. (a) Colonies 1-14. (b)
Colonies 15-27. Colony 19 has a ~1 kb PCR product, but still has a doxycycline MIC of
5 pg/mL, suggesting tetA might be present, but mutated. (¢) Colonies 28-40. (d)
Colonies 41-50. (e) Colonies 51-64. Colony 51 has a ~1 kb PCR product and a
doxycycline MIC of 80 pg/mL, suggesting tetA is present and intact. (f) Colonies 65-77.
(g) Colonies 78-90. Colony 83 has a ~1 kb PCR product and a doxycycline MIC of 80
pg/mL suggesting tetA is present and intact. Colony 87 has a ~1 kb PCR product, but
still has a doxycycline MIC of 5 ug/mL, suggesting tetA might be present, but mutated.
(h) Colonies 91-96. Measurement of the starred t17 controls (*2 and *3) was repeated
(Fig. S1.11).
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Figure S1.10 (Continued). PCR amplification of tetA from disulfiram resistant t17
mutants.
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Figure S1.10 (Continued). PCR amplification of tetA from disulfiram resistant t17
mutants.
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Figure S1.11. Repeat measurement of PCR product for starred t17 controls by gel
electrophoresis. Measuring the PCR product size from starred t17 controls from Fig.
$1.9e and Fig. S1.10h was repeated by gel electrophoresis.
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Table S1.1. IC50 values for B-thujaplicin analogs in TetS and TetR strains.

Compound TetS IC50 (uM) TetR IC50 (uM)
1 a-thujaplicin 35+2 33+4
2 Tropolone 43 +4 40 +1
3 Chlorotropone 1300 =170 1200 = 340
4 Methoxytropone 4900 + 390 4000 + 220
5  Tropone 31000 + 2300 28000 + 1900

TetS (WT) and TetR (117) cells are inoculated on a linear dilution series of compound with media
supplemented with ATC to induce tetA expression and incubated for 24 h. Growth is measured by
OD600. IC50s are a mean of the IC50 values from 6 replicates + the standard deviation. The
IC50 for each replicate is determined by fitting to a four parameter logistic function.
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Table S1.3. IC50 values for all compounds in Tet® and Tet® strains without ATC to
induce TetA.

Compound TetS IC50 (uM) TetR IC50 (pM)
Fusaric acid 155+ 8 174 +14
Disulfiram 40 =1 40+2
B-thujaplicin 39+26 41 +25

1 a-thujaplicin 33 +£0.98 35+24

2 Tropolone 49 +7.7 54 +8.2

3 Chlorotropone 1400 + 80 1400 =210
4 Methoxytropone 4900 + 350 5000 + 860
5 Tropone 28000 + 2200 34000 + 1400

Tet® (WT) and Tet® (t17) cells are inoculated on a linear dilution series of compound and
incubated for 24 h, without ATC induction of tetA. Growth is measured by OD600. IC50s are a
mean of the IC50 values from 6 replicates + the standard deviation. The IC50 for each replicate is
determined by fitting to a four parameter logistic function. The Tet® and TetS IC50s are equivalent
for all compounds.
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Appendix 2: Supplementary Materials for Chapter 3: A
hybrid antibiotic restricts evolutionary paths to resistance
by evading activation of the multiple antibiotic resistance

operon (S2)
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Figure S2.1. 2-D checkerboard MICs of ciprofloxacin (Cpr) and neomycin B
(NeoB). Two-dimensional 2-fold drug gradients were prepared on two 96-well plates
with a final volume of 150 pL per well. Plates were inoculated with a 1:500 dilution of the
ancestral freezer stock, incubated overnight at 37°C with shaking at 900 rpm. Results
shown are the average ODg,, measurements of each corresponding well between two
replicate plates
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Figure S2.2. Resistance trajectories of
individual populations. Minimum
inhibitory concentrations (MICs) of each
drug selection condition for each evolving
E. coli population relative to ancestral
control. Populations were passaged daily
for 17 days. Average relative MICs are
represented by black lines. Individual
populations are represented by colored
lines. Error bars represent standard error
of the mean. Drug selection conditions
are: (a) Ciprofloxacin (Cpr); (b) EqM
mixture of Cpr and NeoB; (¢) Hybrid; (d)
EqP mixture; (e) Neomycin B (NeoB).



Figure S2.3. Retrospective cross-resistance profiles of final evolved strains. (a)
Bars indicate the mean resistances (IC50) of each evolved population relative to
ancestral 1C50. Each bar represents the average relative resistances of 10 single
colonies, one picked from each final evolved population. Error bars indicate standard
error. (b-f) Each point indicates the relative IC50 of one colony isolated from final
evolved population, by susceptibility to drugs indicated on the axes. Blue: isolates
evolved in Cpr. Red: isolates evolved in NeoB. Purple: isolates evolved in 1:1 M mixture.
Green: isolates evolved in MIC¢,:MICy,g mixture. Orange: isolates evolved in hybrid
compound. (b) Resistance to ciprofloxacin vs. EqQM mixture. (c¢) Resistance to
ciprofloxacin vs. hybrid. (d) Resistance to EqM vs. hybrid. (e) Resistance to EqP vs.
hybrid. (f) Resistance to NeoB vs. hybrid.
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Figure S2.3 (Continued). Retrospective cross-resistance profiles of final evolved

strains.
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