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Abstract

The continuing rise of multidrug resistant pathogens has made it clear that in the absence of new
antibiotics we are moving toward a “postantibiotic” world, in which even routine infections will
become increasingly untreatable. There is a clear need for the development of new antibiotics with
truly novel mechanisms of action to combat multidrug resistant pathogens. Experimental evolution
to resistance can be a useful tactic for the characterization of the biochemical mechanism of action
for antibiotics of interest. Herein, we demonstrate that the use of a diverse panel of strains with
well-annotated reference genomes improves the success of using experimental evolution to
characterize the mechanism of action of a novel pyrrolizidinone antibiotic analog. Importantly, we
used experimental evolution under conditions that favor strongly polymorphic populations to adapt
a panel of three substantially different Gram-positive species (lab strain Bacillus subtilis and
clinical strains methicillin-resistant Staphylococcus aureus MRSA131 and Enterococcus faecalis
S613) to produce a sufficiently diverse set of evolutionary outcomes. Comparative whole genome
sequencing (WGS) between the susceptible starting strain and the resistant strains was then used to
identify the genetic changes within each species in response to the pyrrolizidinone. Taken together,
the adaptive response across a range of organisms allowed us to develop a readily testable
hypothesis for the mechanism of action of the CJ-16 264 analog. In conjunction with
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mitochondrial inhibition studies, we were able to elucidate that this novel pyrrolizidinone
antibiotic is an electron transport chain (ETC) inhibitor. By studying evolution to resistance in a
panel of different species of bacteria, we have developed an enhanced method for the
characterization of new lead compounds for the discovery of new mechanisms of action.
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The increasing prevalence of antibiotic resistance has resulted in a global health crisis due to
the difficulty in treating infections caused by resistant pathogens.! In the United States
alone, each year two million illnesses and 23 000 deaths are caused by antibiotic-resistant
microbes.2 Compounding the problems caused by the rapid evolution of multidrug resistant
pathogens, the pipeline of FDA approved antibiotics has been declining for several decades,
meaning fewer new therapies are coming to market to treat infections.? Nearly every aspect
of modern medicine from surgery to cancer treatment to treating an infected surface wound
from the prick of a rose thorn (sporotrichosis) relies upon the effectiveness of antimicrobials
to treat or prevent infection. Additionally, though there are currently 37 new antibiotics in
development, only two of these kill pathogens through novel mechanisms.3 Developing
antibiotics with novel mechanisms of action is important, as pathogens are unlikely to harbor
resistance against mechanisms they have never been exposed to. Thus, there is a clear need
for the development of new antibiotics, especially those with novel mechanisms of action, to
combat infections.

With an emphasis on new lead compounds and novel mechanisms of action, we wished to
develop an enhanced and widely applicable method to elucidate /n vivo mechanisms of
action that did not require an a priori hypothesis about how a compound might work. For
this study, “mechanism of action” refers to the biochemical targets of a compound that can
then be used to infer the general basis for activity. For example, tetracyclines inhibit
translation, while g-lactams alter cell wall biosynthesis. Established approaches for the
identification of mechanisms include screening overexpression libraries for mutants with
increased resistance, as increased expression of the molecular target of the antibiotic will
sometimes confer cells with resistance.*-11 However, to efficiently and quickly complete
such overexpression screens, robotic high-throughput technology is necessary. Additionally,
sometimes overexpression of a target may not confer resistance, and thus, this approach will
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fail to identify the target in these cases.? Proteomic and transcriptomic approaches have
also been employed to evaluate the responses of bacteria to an antibiotic, which
subsequently gives insights into the target of the antibiotic.13-1°> However, these approaches
require specialized instrumentation and complex data analysis and can be costly. The
mechanism of action behind potential leads can also be confirmed by identifying resistance
alleles using classical genetic techniques, such as resistor generation or experimental
evolution and comparative genomics.16:17 However, resistance mutations do not always
provide insights into an antibiotic’s mechanisms of action. For example, mutations in efflux
pumps or in poorly characterized hypothetical proteins can be difficult to interpret. From our
previous evolution studies with established antibiotics, such as daptomycin and tigecycline,
we observed that some strains tend to acquire adaptive alleles that are more insightful than
others.18-21 This led us to believe that using a diverse panel of strains, instead of a single
organism, could greatly enhance the usefulness of experimental evolution as a tool to
characterize the mechanism of action of any candidate antibiotic. With the increasing need
for antibiotics with novel mechanisms, it would be extremely valuable to have innovative
and robust methods that identify novel antibiotic mechanisms of action efficiently.

Here, we describe the successful use of an approach to characterize the mechanism of an
antibiotic using experimental evolution across a diverse group of bacteria with relatively
well-annotated genomes (Figure 1). To validate this approach, we characterized a synthetic
analog of CJ-16,264 (KCN-AAS-35, Figure 2) based on its parent natural product
(CJ-16,264, Figure 2) that was originally isolated and characterized from an unknown
fungus in Japan.22 CJ-16,264 was previously shown to be highly active against several
different Gram-positive bacterial species but not against Gram-negative species, with the
exception of Moraxella catarrhalis and an E. coli strain with increased membrane
permeability.22 Additionally, CJ-16,264 has a unique pyrrolizidinone structure differing
from all other known antibiotics, which allows for a possibly novel mechanism of action.2?
The Nicolaou group developed a synthetic pathway for this natural product and several
derivatives of CJ-16,264 to assess their biological activity and potential as therapeutic
agents.23 By comparing the adaptive mutations identified across Bacillus subtilis 168 and
clinical strains methicillin-resistant Staphylococcus aureus 131 and Enterococcus faecalis
S613, we were able to develop a hypothesis and then validate the mechanism of action of the
CJ-16,264 analog (KCN-AAS-35, Figure 2). By performing oxygen consumption assays on
the three bacterial strains in the presence of KCN-AAS-35, we were able to confirm that the
compound inhibits bacterial respiration. Furthermore, mitochondrial inhibition studies show
that this novel pyrrolizidinone antibiotic (i.e., KCN-AAS-35) is likely an electron transport
chain (ETC) inhibitor. We also surveyed previously published experimental evolution studies
with different organisms and drugs to show that combining results from across species is a
general and effective approach to the identification of /n vivo mechanisms-of-action for
antimicrobials. In light of the decreasing cost of genome sequencing and the improved
quality of genomic annotation, experimental evolution with diverse strains of bacteria should
prove to be an effective method for the evaluation of new lead compounds and the
identification of novel mechanisms of action.
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RESULTS AND DISCUSSION

Analog KCN-AAS-35 Has Similar Activity to the CJ-16,264 Pyrrolizidinone Natural Product

The antibiotic used for these studies was an analog of CJ-16,264 [(+)-CJ-16,264], referred to
as KCN-AAS-35, that was developed by the Nicolaou group and was easier to synthesize
than the natural product due to its less complex structure [(x)-KCN-AAS-35, Figure 2].
Using minimum inhibitory concentrations (MICs), we determined that KCN-AAS-35 was as
effective as CJ-16,264 against four different Gram-positive species and was even more
effective against £. faecalis S613 (MIC = 2 pg/mL) than the natural product (MIC =8
tg/mL) (Table 1). Importantly, the natural product and KCN-AAS-35 had similar efficacy
against the strains as the clinical therapy minocycline (Table 1). To further characterize both
pyrrolizidinone compounds, we performed time kill assays and determined that KCN-
AAS-35 and the natural product have similar killing kinetics against S. aureus MRSA131
(see Figure S1). The MIC testing and time Kill assays both indicate that KCN-AAS-35 has
similar, or better, potency than the natural product. Combining the unique structure, easy
synthesis, and high potency of KCN-AAS-35, it was a promising candidate for further
characterization. Therefore, we decided to use experimental evolution to resistance and
comparative genomics to gain insights in the mechanism of action of KCN-AAS-35.

Selecting the Panel of Strains Used for Identification of the Biochemical Mechanism of
Action for KCN-AAS-35

Our approach can be used to characterize the mechanism of action of any candidate
antibiotic agent (Figure 1). However, the panel of bacteria used in the experimental evolution
studies should consist of phylogenetically distinct organisms. Additionally, it is important to
select strains with well-assembled and well-annotated genomes, as this makes it easier to
quickly and accurately identify mutated genes and pathways (Figure 1). MIC testing
suggested that KCN-AAS-35 was not effective against Gram-negatives, and therefore, our
panel of three strains did not include them (Table 1). While B. subtilis 168, E. faecalis S613,
and S. aureus MRSA131 are all Gram-positive species, they span different phylogenetic
orders and families, therefore possessing substantially different genomes. While B. subtilis
168 is not a pathogen, it was selected for its well-annotated genome and for its ability to
serve as a good model organism in the event that we wished to further validate our
hypothesis on the biochemical mechanism by knocking out or knocking in specific genes.

Stepwise Adaptation to Increasing Concentrations of KCN-AAS-35

To produce cells with increased tolerance for KCN-AAS-35, the cells are grown at
subinhibitory concentrations of the antibiotic and then transferred daily to increasing
concentrations until they are sufficiently resistant (typically 2—8 times their original MIC)
(Figure 3). To identify the biochemical processes that are affected by a drug, it is very useful
to use selection conditions that provide a broad range of successful evolutionary outcomes
for resistance. By increasing KCN-AAS-35 concentrations at steps well below the MIC, the
maintenance of a highly polymorphic population with many competing evolutionary
trajectories for resistance can be favored,19-21
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While increased resistance was eventually achieved, both the £. faecalis S613 and S. aureus
MRSA131 strains adapted slowly to KCN-AAS-35, taking 40 or more days to reach growth
at their respective final concentrations (Figure 3). In previous studies with established
antibiotics, such as daptomycin and tigecycline, populations adapted much more rapidly,
typically within 15-25 days.18-21 Additionally, during the course of adaptation many of the
E. faecalis S613 and S. aureus MRSA131 populations slowly went to extinction. Again, this
was unusual and suggested that it was exceptionally difficult for the cells to accumulate
mutations that would allow them to sustain viability even at sub-MIC concentrations of
KCN-AAS-35. Initially, all 24 S. aureus MRSA131 populations grew well at 1.8 gg/mL on
day 32 of adaptation. However, in the following days, many of the populations began
growing poorly and failed to reach a high cell density, despite remaining at the same drug
concentration (Figure 3). Eventually, the struggling MRSA131 populations failed to achieve
any growth, leaving only eight of 24 populations still viable by day 37 of adaptation.
Similarly, all 24 E. faecalis S613 populations began growing well at 2.4 1g/mL on day 23 of
adaptation. However, like the MRSA131 populations, in the following days, many of the
S613 populations began to falter and were unable to reach a high cell density, despite
remaining at the same drug concentration (Figure 3). Eventually, the struggling S613
populations went to extinction, leaving only five of 24 populations viable by day 35 of
adaptation. In total, two-thirds of the MRSA131 populations and more than three-fourths of
the S613 populations were lost before reaching the final drug concentrations, demonstrating
that adaptation to KCN-AAS-35 was difficult for these strains to achieve. In contrast, the B.
subtilis 168 populations adapted relatively quickly and without the loss of any populations,
taking only 14 days to reach growth at a sufficiently elevated drug concentration (Figure 3).
At the completion of adaptation, clones isolated from all three species demonstrated a 2- to
8-fold increase in KCN-AAS-35 MIC values compared to their respective ancestral starting
strains, indicating that the clones had indeed adapted to the antibiotic (Table 1). The
comparatively different ability of specific species to become resistant highlights the extent to
which a wide panel of strains can survey substantially different evolutionary pathways to
resistance. This observation will be reinforced further in the subsequent sections when the
genetic bases for resistance is described.

Whole Genome Sequencing of Individual Clones Isolated from the End Point of
Experimental Evolution Show a Wide Range of Genetic Changes

The mutations associated with adaptation were identified by whole genome sequencing of
clones isolated from the end of the adaptation experiments. A total of 18 resistant clones
were sequenced, with six clones that were randomly selected from each of the three different
species. Each clone had a unique genotype and carried at least two adaptive mutations (Table
S1). As shown in Tables 2 and S1, whole genome sequencing of 18 individual isolates
exhibited a broad range of genetic changes. Typically, end-point strains had from 2 to 13
mutations per isolate. One of the resistant MRSA131 strains had acquired 50 mutations,
including a frame shift at position Y82 in the DNA mismatch repair gene mutS, suggesting
that the strain had likely become a hypermutator (Table S1). Hypermutators are not
uncommon in both laboratory and clinical settings and allow lineages to adapt very rapidly
to selection conditions. While hypermutators adapt quickly, they also accumulate mutations
that “hitchhike” with those responsible for increased resistance, which can burden the
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organisms with additional mutations whose overall effect will be largely deleterious to
cellular fitness.2924 What was striking about the 124 total mutations isolated across the 18
adapted strains, 16 adapted populations, and three species was that there were very different
biochemical processes undergoing change during adaptation. Mutations were identified in
genes that affected a variety of cellular processes, including membrane efflux, membrane
homeostasis, metabolism, cell division, and peptidoglycan layer synthesis (Table S1). The
diversity of changes reflects the diversity of the strains themselves and highlights how a
broad survey of adaptive strategies to drug selection can be achieved readily by starting with
at least three strains. Importantly, the breadth of the changes observed within each strain,
however, also makes it difficult to confidently ascribe the biochemical mechanism of action
for KCN-AAS-35 based on the results from any one strain.

Genomic Analysis of KCN-AAS-35 Adapted S. aureus MRSA131 Strains

We identified a total of 79 different mutations across the six adapted S. aureus MRSA131
clones (Table S1). Although many of these mutations occurred in distinct and diverse
locations within the genome, we noted that each clone had acquired a mutation within
cymR, a master regulator and repressor of cysteine synthesis and sulfur assimilation (Table
2). Importantly, cymR was the only gene that was mutated in all six of the adapted S. aureus
MRSA131 clones (Tables 2 and S1). This suggests that mutation of cymR was particularly
important to acquiring KCN-AAS-35 resistance, since adaptive alleles at this loci emerged
independently and reproducibly across the five replicate populations. Some of the adaptive
cymR alleles suggest loss-of-function, such as a complete or partial deletion of cymRin S.
aureus E10-1 and S. aureus E10-3 and frame-shift mutations in S. aureus B11-3 and S.
aureus C11-2 (Table 2). Therefore, we reasoned that the mutations in cymR were reducing
the activity of CymR and subsequently leading to the derepression of cysteine metabolism.

Genomic Analysis of KCN-AAS-35 Adapted B. subtilis 168 Strains

Among the six adapted B. subtilis 168 strains, we identified a total of 14 alleles (Table S1).
Looking for conserved adaptive alleles across the resistant B. subtilis strains, we noted that
four had acquired mutations within cymR (Table 2). B. subtilis A10-4 had a 32-bp deletion
that eliminated the ribosome binding site and start codon of cymR (Table 2). This deletion
suggests loss-of-function, similar to the cymR mutations observed in the adapted S. aureus
MRSA131. Even et al. showed that complete deletion of cymRin B. subtilis leads to an
increase in the expression of genes involved in cysteine intake, cysteine synthesis, sulfur
incorporation, and a shift toward anaerobic growth.2> Therefore, it is likely that the cymR
mutations in our resistant strains are leading to an increase in cellular cysteine metabolism in
response to KCN-AAS-35. Interestingly, two of the resistant B. subtilis strains (D11-1 and
G11-2) maintained the intact ancestral cymR sequence but instead had mutations in cysK
(Table 2). The cysK gene encodes cysteine synthetase, which catalyzes the last step of
cysteine production by condensing sulfide with O-acetyl-L-serine. In B. subtilis, CysK also
acts as a global regulator in conjunction with CymR to repress cysteine metabolism when
cysteine is in excess.28:27 We speculate that the cysK mutations observed in B. subtilis
D11-1 and G11-2 impact the regulatory functions and not the catalytic functions of cysK.
Since derepression of cysteine metabolism was observed in the other resistant B. subtilis 168
and MRSA131 strains, it is likely that the same evolutionary path was utilized by B. subtilis
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D11-1 and G11-2. Consistent with this hypothesis, B. subtilis D11-1 and G11-2 were able to
grow in Spizizen salts minimal media lacking cysteine, demonstrating that the cells were
still capable of synthesizing cysteine despite harboring mutations in cysteine synthetase (see
Figure S2).

Genomic Analysis of KCN-AAS-35 Adapted E. faecalis S613 Strains

We identified a total of 30 different mutations across the six adapted £. faecalis S613 clones
(Table S1). In contrast to the results obtained for B. subtilis 168 and S. aureus MRSA131,
the resistant £. faecalis S613 strains did not have mutations affecting cysteine synthesis.
However, all of the E. faecalis strains did have mutations in various subunits of ATP
synthase (Table 2). It is striking that each isolate had at least one mutation within the ATP
synthase holoenzyme. Specifically, two of the resistant £. faecalis strains acquired mutations
in the S-chain (A2-1 and A3-1), two acquired mutations in the a-chain (H3-2 and H3-3),
and two acquired mutations in different subunits of the FO sector (C3-4 and H2-4) (Table 2).
While the role of ATP synthase in £. faecalisis not entirely clear, the species has a
functional electron transport chain in the presence of heme, indicating it is capable of
generating a proton gradient.28:2% Since cellular fitness under aerobic conditions is tightly
linked to the function of ATP synthase in most species, it seemed unlikely that an
improvement in ATP synthase function could be achieved across so many subunits by single
nucleotide changes when earlier studies of adaptation in rich aerobic conditions have not
observed changes in ATP synthase.2! Therefore, we reasoned that it was more likely that
these mutations reduced the synthesis of ATP and transport of protons into the resistant £.
faecalis cells. Consistent with this hypothesis, £. faecalis C3-4 acquired a stop codon at
position 188 of the FO a subunit, eliminating the last 52 amino acids of this subunit (Table
2). Vik et al. showed that £. coli with similar truncations at the carboxy-terminal of the a
subunit had greatly reduced proton permeability, indicating that the proton translocation
activity of ATP synthase was reduced in these cells.30

Successful Adaptive Strategies Identified from All Three Strains Suggests KCN-AAS-35
Acts by Inhibiting Cellular Respiration

Having evaluated the adaptive alleles across the different populations and species, next we
wanted to use this information to determine the likely mechanism of action of KCN-
AAS-35. Cysteine plays many diverse and essential roles in the cell as an important amino
acid for protein synthesis and as a substrate for the formation of iron—sulfur clusters and
essential cofactors and coenzymes. Therefore, it would have been challenging to determine
why KCN-AAS-35 led to the selection of mutations in cysteine regulation in the adapted B.
subtilis 168 and S. aureus MRSA131 strains without having knowledge of the adaptive
mutations acquired by E. faecalis S613. However, ATP synthase was mutated in all of the
adapted E. faecalis S613 strains, which strongly suggested that KCN-AAS-35 was impacting
cellular respiration. Cysteine metabolism is also important to cellular respiration, as the
biogenesis of the iron—sulfur clusters for the electron transfer chain (ETC) requires cysteine.
31.32 By derepressing cysteine metabolism, the B. subtilis 168 and S. aureus MRSA131 cells
were likely increasing the formation of the ETC complexes. Therefore, we hypothesized that
KCN-AAS-35 could be acting as an inhibitor of cellular respiration. It is important to note
that if mutations from only one species were evaluated we may have reached the wrong
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conclusion. For example, if only the S. aureus MRSA131 mutations were considered, we
may have incorrectly concluded that KCN-AAS-35 specifically targets CymR, since the
cymR gene was mutated in each of the adapted S. aureus strains. Therefore, it would have
been difficult to generate our hypothesis using the results from any one species, as the
context of the mutations between the different species was necessary.

Oxygen Consumption Assay Demonstrates Inhibition of Bacterial Respiration

To test our hypothesis that KCN-AAS-35 could act as an inhibitor of cellular respiration, we
tested the effect of the drug on the rate of oxygen consumption in B. subtilis, S. aureus, and
E. faecalis. Since KCN-AAS-35 is a bacteriostatic agent (Figure S1), a decrease in oxygen
consumption would indicate inhibition of respiration and not cell death. Respiring cells were
exposed to 62.5 pg/mL KCN-AAS-35, and the change in rate of oxygen consumption was
measured. Although the MIC of the drug is 0.5 or 2 g/mL for the three strains studied, we
chose to use a higher concentration (62.5 pg/mL) for this assay. This is because the density
of cells used for oxygen consumption measurements is approximately 75 times higher than
the cell density used in MIC tests. It has been demonstrated previously that the efficacy of
some antibiotics decreases with an increase in bacterial cell density,33 referred to as the
inoculum effect.34 The higher drug concentration adjusts for any decrease in efficacy of this
drug that may be associated with the high density of the bacterial culture used for measuring
oxygen consumption.

Figure 4 shows the oxygen consumption curves for the different bacterial strains. Whole
cells were allowed to respire either by themselves or in the presence of one of the
compounds added when 60% oxygen remained in the oxygen electrode chamber. Oxygen
consumption was measured for KCN-AAS-35; potassium cyanide, a known respiratory
inhibitor (positive control); tetracycline, a bacteriostatic drug that is not known to target
cellular respiration; DMSO, the vehicle used to solubilize KCN-AAS-35. The immediate
decline in the rate of oxygen consumption in B. subtilis 168 and S. aureus MRSA131 by
potassium cyanide showed that bacterial respiration was indeed being measured in this
assay. The uninhibited respiratory curve of E. faecalisin the presence of cyanide was
expected as £. faecalis S613 has a cytochrome bd oxidoreductase that is known to be
resistant to inhibition by cyanide.2%:3% Lack of respiratory inhibition by a ribosomal
inhibitor, tetracycline, suggested that agents affecting cellular mechanisms other than
respiration did not affect the ability of the cells to consume oxygen. This, in turn, implied
that the decrease in respiration rate seen in the presence of KCN-AAS-35 was not caused by
a nonspecific effect of the drug acting on another cellular component. Upon addition of 62.5
tg/mL KCN-AAS-35, the rates of oxygen consumption in E. faecalis S613 and S. aureus
MRSA131 decreased 2.2 + 0.11-fold and 2.3 + 0.05-fold, respectively, while a 10.9 + 0.85-
fold decrease in rate of oxygen consumption was observed in B. subtilis (normalized to
change in respiration rate upon addition of DMSO). The reason the effect of the drug on
respiration in B. subtilisis more pronounced than its effect on S. aureus or E. faecalis is not
fully understood, but it does corelate with the lower MIC of KCN-AAS-35 for B. subtilis
(0.5 pg/mL) compared to the other strains (2 tg/mL) (Table 1). We speculate that the
peptidoglycan layer surrounding the cell membrane of B. subtilis is more permeable to
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KCN-AAS-35 allowing the drug better access to the respiratory machinery of the cell than
that of S. aureus or E. faecalis.

Although KCN-AAS-35 is known to be a Gram-positive specific antibacterial, we observed
that it could inhibit NADH dependent respiration of inverted membrane vesicles obtained
from a Gram-negative bacterium, Escherichia coli (data not shown). We did not observe this
inhibition in whole cells of £. colirespiring in the presence of the drug (data not shown).
The parent compound of KCN-AAS-35 is known to be effective against £. co/i with reduced
membrane permeability,22 which suggests that the outer membrane of Gram-negative
bacteria protects them from this parent compound and its derivative. This data further
supports our hypothesis that KCN-AAS-35 targets bacterial respiration.

Functional Mitochondrial Toxicity Testing Demonstrates Toxicity at Concentrations Similar
to Effective MIC

To confirm our hypothesis that KCN-AAS-35 could affect cellular respiration, the Cyprotex
Company tested how a range of concentrations (0.4-400 rg/mL) of KCN-AAS-35 could
produce changes in the respiration efficiency of liver mitochondria. The Cyprotex team
assayed for changes in the oxygen consumption rate, reserve capacity, and extracellular
acidification rate of the eukaryotic mitochondria (Figure 5). The reserve capacity, or ability
of mitochondria to respond to changes in energy, can be determined by detecting
fluctuations in the oxygen consumption rate when mitochondria are exposed to the
uncoupler FCCP. Upon addition of FCCP, cells treated with relatively low concentrations of
KCN-AAS-35 (0.4 and 1.27 pg/mL) produced over a 100% increase in oxygen consumption
rate. However, the oxygen consumption rate did not increase in the presence of FCCP when
the cells were treated with higher concentrations of KCN-AAS-35 (4.0, 12.7, and 40 pg/mL)
(Figure 5). This indicates mitochondrial dysfunction in the presence of 4.0-40 pg/mL KCN-
AAS-35, as the reserve capacity decreases at those concentrations. Additionally, a dose
dependent increase in the extracellular acidification rate was detected, indicating an increase
in cellular glycolysis at higher concentrations of KCN-AAS-35 (Figure 5). Combined, these
data show that, at 4.0-40 tg/mL KCN-AAS-35, the compound inhibits oxidative
phosphorylation. Specifically, the bioenergetic profile of KCN-AAS-35 suggests that the
compound is an ETC inhibitor, since KCN-AAS-35 decreased the oxygen consumption rate,
decreased the reserve capacity, and increased the extracellular acidification rate in a dose
dependent manner.36 These results confirmed that KCN-AAS-35 is capable of inhibiting
cellular respiration in eukaryotes. While there are notable differences between Gram-
positive and mitochondrial ETCs, many inhibitors, such as antimycin A, rotenone, and
sodium cyanide, are capable of inhibiting both types of ETCs.37~40 Thus, this data suggests
that KCN-AAS-35 kills bacteria and mammalian cells through the same mechanism. While
an interesting observation, it does suggest that KCN-AAS-35 may have limited therapeutic
use.
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Results from Previous Experimental Evolution Studies Suggest That Predictions for
Biochemical Mechanisms of Action Are More Robust When Genomic Data from Multiple
Genera Are Included

Previous studies have used experimental evolution to identify the adaptive trajectories
leading to resistance to antibiotics with characterized mechanisms of action. Interestingly, in
many of these cases, if the antibiotic mechanism of action had not been known, it could have
been inferred from the resistance data. For example, studies evaluating tigecycline resistance
in different bacterial species, including several studies from our lab, have identified
mutations on a loop of the ribosomal S10 protein and mutations leading to increased
expression of the ribosomal protection gene tetM (Table 3).18-20.41-43 Tigecycline is a
tetracycline derivative that inhibits translation by binding to the bacterial 16S rRNA and
blocking the entry of tRNA into the A-site.#4~46 The identified mutations in the ribosomal
S10 protein were in close proximity to the 16S rRNA that composes the tigecycline binding
pocket. Therefore, if the mechanism of action of tigecycline had been unknown, these S10
mutations would have strongly suggested that tigecycline was acting on the ribosome.
Likewise, TetM is a protein with homology to elongation factor-G and binds to the
ribosome.4” Thus, the identified resistance mutations that increased tetM expression would
have also suggested that tigecycline was acting on the ribosome.1® Importantly, studying
resistance in multiple different species would have made the identification of the mechanism
of action of tigecycline more likely. This is because some species, such as Acinetobacter
baumannii and E. coli, frequently become resistant to tigecycline by overexpressing efflux
pumps, which indicates that the antibiotic must enter the cell but does not indicate the
specific pathway or target the antibiotic is acting on (Table 3).18:20.48 Conversely, some
species, such as E. faecalis and E. faecium, more frequently become resistant to tigecycline
by acquiring the mutations in the ribosomal S10 protein or mutations that lead to increased
tetM expression, which in turn would have provided more useful insights into the
mechanism of action of tigecycline (Table 3).18.1949 Therefore, using many replicate
populations and a panel of different bacterial species increases the likelihood of gaining
useful insights into the mechanism of an antibiotic.

Another example in the literature where the mechanism of action of an antibiotic could have
been inferred from experimental evolution studies across multiple species of bacteria
includes the lipopeptide daptomycin, which disrupts cell membrane integrity in a calcium
and phosphatidylglycerol dependent manner.>0 £. faecalis adapted to daptomycin resistance
reproducibly acquires mutations in LiaFSR, a three-component signaling system and
membrane-stress response pathway (Table 4).2151 Similarly, B. subtilis strains frequently
become daptomycin-resistant through mutations in the VraRS system, which is a signaling
pathway orthologous to the £. faecalis LiaFSR pathway (Table 4).52 Additionally,
daptomycin-resistant £. faecalis often acquire mutations in cardiolipin synthase (¢/s), while
daptomycin-resistant B. subtilis often acquire mutations in pgsA, both of which result in
reduced levels of phosphatidylglycerol on the cell membrane (Table 4).5354 Conversely, in
experimental evolution studies of S. aureus to daptomycin, mutations have been observed in
the gene mprfFthat increase the levels of lysyl-phosphatidylglycerol on the cell membrane
(Table 4).5° Therefore, while mutations identified in the different species frequently affected
different genes, they all suggested that daptomycin was acting upon the membrane.
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Additionally, the different alleles reveal different aspects of the mechanism through which
daptomycin acts, such as the c/sand pgsA alleles in £. faecalis and B. subtilis, which
suggest that phosphatidylglycerol levels are important to the activity of daptomycin.

SUMMARY

In this study, we have demonstrated that experimental evolution of a panel of Gram-positive
bacterial species when complemented by comparative whole genome sequencing (WGS) can
be used to efficiently identify the biochemical mechanism of action for a novel antibiotic
(Figure 1). We adapted three strains of Gram-positive bacteria, including two clinical
pathogens, to resistance against a novel and biologically uncharacterized pyrrolizidinone
antibiotic (KCN-AAS-35) (Figures 2 and 3). Comparative WGS of the resistant clones to the
susceptible ancestral strains revealed adaptive mutations within genes leading to the
derepression of cysteine synthesis in both B. subtilis 168 and S. aureus MRSA131 and a
reduction in the activity of ATP synthase in E. faecalis S613 (Table 2). Combining the
results across the different species, we hypothesized that KCN-AAS-35 affected cellular
respiration, as increased cysteine metabolism could subsequently lead to an increase in iron—
sulfur cluster and ETC complex formation and reduced activity in ATP synthase could
mitigate the effects of inhibiting respiration by helping to preserve the electrochemical
gradient (Table 2). Furthermore, the inhibition led to the down-regulation of ATP synthesis
within the ETC of £. faecalis S613 so that energy could be produced by other means (Table
2). Therefore, we were able to hypothesize that KCN-AAS-35 likely inhibits the ETC of
these organisms. Oxygen consumption assays confirmed our hypothesis that the drug does,
indeed, inhibit bacterial respiration (Figure 4). Subsequent Cyprotex toxicity testing also
showed that KCN-AAS-35 is capable of inhibiting the mitochondrial ETC (Figure 5).

Our approach has not only identified the likely mechanism of action of the novel antibiotic
KCN-AAS-35 but also has provided a clear understanding of how resistance will likely
emerge to a previously uncharacterized antibiotic. These methods provide an advantage to
antibiotic discovery because they are translatable to a broad range of laboratory settings. In
principle, any culturable species of bacteria can be potentially included in the microbe panel.
Having a diverse panel of bacteria reveals a range of adaptive strategies, and by performing
experimental evolution on replicate populations under selection conditions that favor a
polymorphic population (well below the current MIC of the evolving population), more
evolutionary trajectories are identified among and within populations further strengthening
hypothesis development. For example, while the resistant £. faecalis S613 strains all had
mutations in ATP synthase, the specific mutations identified across the different £. faecalis
populations were distinct (Table 2).

There are limitations to using experimental evolution to characterize the mechanisms of
action of antibiotics. Depending on the types of mutations that emerge, it could be difficult
to determine the mechanism. For example, if a strain evolves into a hypermutator and
acquires hundreds of mutations, it would be difficult to identify which mutations are critical
for resistance and which are hitchhikers. Alternatively, mutations may not always occur in
target genes and could therefore be difficult to interpret. While not completely removing
these potential pitfalls, using a panel of diverse strains increases the likelihood of identifying
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informative alleles by exploring more evolutionary outcomes. As the quality of genomic
annotation increases, the power of experimental evolution to inform hypotheses on the
action of lead compounds will also improve. In addition, as the cost of WGS continues to
decrease and the accessibility of sequencing technology increases with each year,
experimental evolution should be among the earliest studies performed on a novel drug
candidate. Currently, the number of antibiotics in development is decreasing, while the
number of resistant bacteria is increasing.>® Therefore, it is necessary to develop innovative,
low-cost methods to characterize novel small-molecule antibiotics to help address this
discrepancy. The lack of new antimicrobials currently in development suggests that new and
scalable methods are needed to identify compounds of interest that challenge the resistance
capabilities of pathogens and that the methods currently being used should be expanded.>’
Importantly, these methods will allow for more participation in antibacterial discovery
during a time when the development of novel antimicrobial therapeutics is essential.

METHODS

Strains, Growth Conditions, and Minimal Inhibitory Concentration (MIC) Testing

Freezer stocks of B. subtilis 168 and S. aureus MRSA131 were streaked onto LB agar plates
and incubated at 37 °C overnight. The next day, 10 mL of LB media was inoculated with a
single colony from each plate and incubated at 37 °C while shaking. Using a previously
described protocol from Nicolaou et al.,® B. subtilis 168 and MRSA131 were exposed to
increasing concentrations of the tested antibiotic (0.125-64.0 pg/mL; prepared in the
Nicolaou laboratories) in LB broth and incubated overnight at 37 °C. The lowest
concentration at which the antibiotic appeared to be inhibiting growth was determined to be
the MIC for the drug. This same procedure was used for E. faecalis S613 except a mix of
80% Lysogeny and 20% Brain Heart Infusion (LBHI) agar and broth media was used and
MICs were determined by reading the ODggq on the Synergy 2 (BioTek) Genb5 plate reader.
To test the cysteine dependency of the adapted B. subtilis 168 strains, they were cultured
overnight in Spizizen minimal media (17 mM Ky;HPO4, 8 mM KH2PO,4, 3 MM (NH4)2SOy,
1.2 mM sodium citrate, 0.16 mM MgSQy, 1 g/mL tryptophan, and 0.4% glucose at pH 7.0)
at 37 °C on a Synergy 2 (BioTek) Genb5 plate reader.

Experimental Evolution by Stepwise Increases in Drug Concentrations Well below the MIC

In this procedure, stepwise increases in subinhibitory concentrations, or concentrations
below the MIC of KCN-AAS-35, were used to gradually adapt each strain to resistance. B.
subtilis 168 and MRSA131 were plated on LB agar and incubated overnight at 37 °C.
Twenty-four individual colonies were inoculated in 1 mL of LB media in 96-well plates and
grown overnight at 37 °C on a shaker to initiate 24 populations. A portion of the 24
populations (10 zL) was then transferred to 990 £ of LB media containing one-fourth of
the initial MIC to KCN-AAS-35. MRSA131 was transferred to one-eighth of MIC to KCN-
AAS-35 as the strain was unable to grow robustly even at one-fourth of the MIC for KCN-
AAS-35. The concentration of KCN-AAS-35 was then increased 1.25x, and the strains were
grown overnight in a 37 °C shaker. These transfers (10 yL of overnight culture to 990 yL of
media with antibiotic) were repeated daily until the cells grew to saturating density overnight
at the new drug concentration. On the day when all of the populations of cells grew to full
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density overnight at the current drug concentration, they were then transferred to a higher
concentration of KCN-AAS-35 (1.25 times the prior concentration of KCN-AAS-35). If
only some of the populations for a particular strain were growing well at an elevated drug
concentration, those populations were held at the lower drug concentration until the slower
adapting populations could also achieve good growth at the elevated concentration. If the
cells in any of the populations continued to struggle to reach a high cell density at 1.25 times
the current drug concentration for more than 3 days, a lower increase, such as 1.125 times,
would be used. This same procedure was repeated for £. faecalis S613 except LBHI plates
and broth media were used and the cells were grown overnight in a 37 °C incubator instead
of a shaker.

Whole Genome Sequencing

At the end of each adaptation experiment, individual colonies were isolated on nonselective
LB agar (for B. subtilis 168 and MRSA131) and LBHI (for £. faecalis S613) agar plates.
The individual colonies were then grown overnight in broth media. Genomic DNA was
isolated from 10 mL of the overnight culture using the UltraClean Microbial DNA Isolation
Kit (MoBio) with an extra lysis step to improve yields for Gram-positive cells. The
additional lysis step consisted of incubating the cells at 37 °C for 1 h in 300 /L of
MicroBead Solution with 78 U/mL mutanolysin (Sigma) and 7.8 pg/mL lysozyme (Sigma).
Whole genome sequencing was then performed (GeneWiz) using a Nextera XT DNA
Library Preparation Kit (Illumina, San Diego, CA) and an Illumina MiSeq Sequencer.
Genomic data analysis was completed using Breseq-0.27.0, a computational pipeline
developed by the Barrick lab (University of Texas, Austin, TX) to compare the genomes of
the ancestral starting strains to that of the adapted resistant strains.>®

Oxygen Consumption Assay

B. subtilis 168 and S. aureus MRSA131 were grown in LB, and £. faecalis S613 was grown
in LBHI broth at 37 °C with shaking at 225 rpm until they reached exponential phase. Cells
were then harvested and washed in the appropriate buffers: cold LB for B. subtilis, 0.1 M K-
phosphate buffer (pH 7.0) for S. aureus, and 50 mM HEPES (pH 7.4) + 100 mM NacCl, 5
mM KCI, 1 mM MgCl,, 1 mM NaH,PQOy, and 1 mM CaCl, for £. faecalis. Cells were
resuspended in their respective buffers at equal cell densities. Oxygen consumption was
measured using a Clark type oxygen electrode (Y'SI model 5300 Biological Oxygen
Monitor) at room temperature. 20, 3, and 1 mM glucose was added to B. subtilis, S. aureus,
and £. faecalis cells, respectively, in the electrode chamber, and rate of respiration was
measured as the percentage of oxygen consumed by the cells per unit time. Respiring cells
were exposed to 62.5 pg/mL KCN-AAS-35, 12.5 1 of DMSO (solvent for KCN-AAS-35),
10 mM potassium cyanide, or 105 wg/mL tetracycline when 60% oxygen remained in the
chamber.

Functional Mitochondrial Toxicity Assay (XFe96 Seahorse)

To assess the effect of KCN-AAS-35 on cellular respiration, functional mitochondrial
toxicity testing was performed by the Cyprotex Company as previously described by Eakins
et al.36 Briefly, the Cyprotex team assayed for changes in the oxygen consumption rate
(OCR), reserve capacity, and extracellular acidification rate (ECAR) of HepG2 liver
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mitochondria treated with vehicle (0.5% DMSO) and 0.4-400 g/mL KCN-AAS-35 using
solid-state sensors to simultaneously measure effects on oxidative phosphorylation
(OXPHOS) and glycolysis. The oxygen consumption rate (OCR) was determined by
measuring the oxygen content in the extracellular media of HepG2 cells treated with KCN-
AAS-35 compared to vehicle. By taking a ratio of the maximal achievable OCR, as
determined by treating the cells with the uncoupler FCCP, and the basal OCR, the reserve
capacity was determined. The ECAR was determined by measuring the pH value of the
extracellular media of mitochondria treated with KCN-AAS-35 compared to vehicle.

Time Kill Assays

Using a protocol adapted from Diaz et al. and Pace et al.,69:61 70% glycerol stocks of
MRSA131 were streaked onto LB plates and incubated at 37 °C overnight. The next day, 10
mL of LB media was inoculated with a single colony from each plate and incubated at 37 °C
while shaking. On the following day, the overnight culture was diluted 100-fold in LB and
incubated at 37 °C until the culture reached ODggg of around 0.2. Once this ODggg Was
reached, the culture was diluted 1:100 into media containing antibiotic at 5 times its MIC.
Several dilutions of this mixture were plated onto LB plates and spread by sterile glass
beads. The mixture was incubated at 37 °C. Dilutions were plated every 2 to 8 h. Colony
forming units (CFUs) per milliliter were derived from the number of CFUs on each dilution
plate at each time point.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Summary of approach to identify the mechanism of action of a novel antibiotic. Identifying

an antibiotic’s mechanism of action can be challenging, as antibiotics can target a diverse
range of processes in bacteria, such as cell wall synthesis, protein translation, and nucleic
acid metabolism. Therefore, we developed an approach that can be used to efficiently
develop a hypothesis for the mechanism of action of any novel antibiotic. (1) A panel of at
least three different susceptible species of bacteria is selected on the basis of several
different criteria. Ideally, the different strains should have well-annotated genomes that
would allow mutated genes and pathways to be readily identified. Model organisms also
allow experimental validation of the proposed mechanism. Thus, it is beneficial to include at
least one model organism, such as a laboratory strain of Bacillus subtilis or Escherichia coll.
Additionally, the panel should consist of phylogenetically diverse species, since distantly
related organisms are more likely to adapt through different mechanisms and thus reveal
more pathways and targets affected by the antibiotic. Finally, some of the selected strains
should be clinically relevant species that the antibiotic would potentially be used against. (2)
Replicate populations of each species are adapted to become resistant to the antibiotic under
study. Including replicate populations of the same strain is important since it allows for the
identification of genes and pathways that are mutated reproducibility across the different
populations, which in turn reveals which targets are most important to resistance. During
adaptation, conservative increases in antibiotic concentration should be used to favor
genetically diverse populations. (3) Comparative WGS between the adapted resistant strains
and the ancestral susceptible starting strains is used to determine what adaptive mutations
were acquired. (4) The different adaptive mutations are compared across replicate
populations and the different species to develop a hypothesis for the mechanism of action of
the antibiotic. Loci and pathways mutated across the different replicate populations and
species are more likely to be important to resistance and thus targets of the antibiotic.
Experimental validation is then performed to confirm the proposed mechanism of action.
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Figure2.
Structures of the natural product CJ-16,264 (left) and the synthetic analog KCN-AAS-35

(right). To demonstrate the effectiveness of our approach, an antibiotic with a unique
structure and unknown mechanism of action was characterized. The selected antibiotic is a
synthetic derivative of the natural pyrrolizidinone antibiotic CJ-16,264 (left) and is referred
to as KCN-AAS-35 (right). The pyrrolizidinone structure of these compounds is not present
in any other class of antibiotics and therefore indicates they likely have a unique mechanism
of action. KCN-AAS-35 was selected for these studies since it has a simpler structure and
was easier to synthesize.22
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Figure 3.
Adaptation timeline for B. subtilis 168, S. aureus MRSAL31, and E. faecalis S613 to resist

KCN-AAS-35. 24 replicate populations of each strain were initially grown at subinhibitory
concentrations of drug. A portion of each population was transferred daily to the same
concentration and an elevated concentration. Once all of the populations could grow to a
high cell density at the elevated drug concentration, the populations were transferred from
that concentration to a higher concentration (see Methods). Transfers were continued until
all of the populations could grow well at a concentration above their starting MIC.
Therefore, if some of the populations were struggling to grow at the elevated drug
concentration, all of the populations were maintained at a lower concentration until the
slower adapting populations could also grow well at the higher concentration. The clinical
strains, S. aureus MRSA131 and E. faecalis S613, struggled to adapt to KCN-AAS-35 and
took 40 or more days to reach growth at their respective final concentrations. Additionally,
many of the populations of S. aureus MRSA131 and E. faecalis S613 died during adaption,
with only eight and five populations remaining viable by the end of adaptation for S613 and
MRSA131, respectively. The lab strain, B. subtilis 168, achieved growth at an elevated
concentration after 14 days.
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Oxygen consumption assays in the three bacterial strains show that KCN-AAS-35 inhibits
cellular respiration. Aerobic respiration in E. faecalis S613, S. aureus MRSA 131, and B.
subtilis 168 was measured in an oxygen electrode chamber by recording the percentage of
extracellular oxygen remaining in the chamber as a function of time after addition of cells.
The intrinsic respiration rate of the cells was recorded in the absence of any compounds
(orange trace). Oxygen consumption was then measured by the addition of 12.5 gL of
DMSO (gray trace), 105 ug/mL tetracycline (yellow trace), 10 mM potassium cyanide (blue
trace), or 62.5 g/mL KCN-AAS-35 (green trace), with the addition being made when 60%
oxygen remained in the chamber (represented by diamonds on the respective traces). All
assays were done in triplicate. The addition of DMSO (vehicle) or tetracycline did not affect
bacterial respiration. The addition of cyanide, a known respiratory inhibitor, aborted
respiration in S. aureusand B. subtilisbut not in E. faecalis, which uses a cyanide insensitive
cytochrome bd'terminal oxidoreductase. The addition of KCN-AAS-35 caused a decrease in
the rate of respiration in all the bacterial strains, with the effect being more pronounced in B.

subtilis.
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Figure5.

Functional mitochondrial toxicity assay (XFe96 Seahorse) reveals that KCN-AAS-35 likely
acts as an ETC inhibitor. The Cyprotex Company assayed for changes in the oxygen
consumption rate (OCR), reserve capacity, and extracellular acidification rate (ECAR) of
HepG2 liver mitochondria treated with vehicle and 0.4-400 pg/mL KCN-AAS-35 using
solid-state sensors to simultaneously measure effects on oxidative phosphorylation
(OXPHOS) and glycolysis as described in Eakins et al.36 The data is represented as the
average ratio to the vehicle (DMSO) with the error bars showing the standard deviation
between three replicates. Open circles were excluded due to data plateau. Dose dependent
decreases in OCR and reserve capacity were observed, indicating that KCN-AAS-35 inhibits
mitochondrial respiration and causes mitochondrial dysfunction. Additionally, a dose
dependent increase in ECAR was observed, indicating the release of more protons into the
media due to an increase in glycolysis. Combined, these results are consistent with known
inhibitors of the ETC, such as rotenone, suggesting that KCN-AAS-35 is likely an inhibitor
of the ETC.
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Resistance Mutations to KCN-AAS-35 that Affect Components of the Electron Transport Chain (ETC)

Table 2

species gene adapted clone  mutation
B. subtilis 168 cymR A10-4 deletion of RBS and start codon
Al2-3 S27L
B11-3 E43D
C10-1 S38F
cysK D11-1 +C (frame shift at H219)
G11-2 R47C
S. aureus MRSA131  ¢ymR E10-1 complete deletion of gene
E10-3 complete deletion of gene
F10-4 G64R
B11-3 +G (frame shift at Q23)
Cl1-2 +A (frame shift at E21)
E11-1 9-bp upstream of gene (A — G)
E. faecalis S613 ATP Synthase ~ A2-1 B-chain: V305D
H2-4 Fo subunit c: G15C
A3-1 B-chain: V305D
C3-4 Fo subunit a: G188*
H3-2 a-chain: F395C
H3-3 a-chain: F395C
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Examples of Tigecycline Resistance Mutations Identified in Different Species from Experimental Evolution

species

tigecycline resistance mutation

references

Enterococcus faecalis

Enterococcus faecium

Staphylococcus aureus

Acinetobacter baumannii

Escherichia coli

S10: R53QA54-57ATHK
TetM: increased fefM copy number; regulatory mutations leading to increased fet\M
expression

S10: R53QA54-57ATHK; A54E-T55A; H56R-K57N; K57E; K57R; Y58S; Y58D; D60Y
TetM: increased fefM copy number
efflux: increased zefL copy number

S10: K57M, K57E, K57M-Y58F, K57Q-Y58F, Y58M, Y58S, D60Y
TetM: regulatory mutations leading to increased tetM expression
efflux: increased expression of MepA pump

S10: V57L, V571
efflux: increased expression of AdeABC pump

S10: V57D, V571
efflux: increased expression of AcrAB-TolC pump

Beabout et al.1®

Beabout et al.18
Cattoir et al.**
Fiedler et al.*3

Beabout et al.18
McAleese et al 4
Hammerstrom et al.2°

Beabout et al.18

Beabout et al.18
Keeney et al.*8
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Table 4

Examples of Daptomycin Resistance Mutations Identified in Different Species from Experimental Evolution

species daptomycin resistance mutation references
Enterococcus faecalis  signaling: mutations upregulating LiaFSR signaling  Miller et al.2!
Avrias et al.5
membrane lipid remodeling: mutations in c/s Davlieva et al.>*
Staphylococcus aureus  membrane lipid remodeling: mutations in mprF Friedman et al.5®
Bacillus subtilis signaling: mutations upregulating VraRS signaling  Hachmann et al.52
membrane lipid remodeling: mutations in pgsA Hachmann et al.53
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