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ABSTRACT OF THE DISSERTATION

Antimicrobial mechanism of action determination via cytological profiling in Bacillus

subtilis

Anne M Lamsa
Doctor of Philosophy in Biology
University of California, San Diego, 2012

Professor Kit Pogliano, Chair

The appearance of multi-drug resistant microbes and the decrease in the
number of new antibiotics to treat them coming through the clinical pipeline has
created a great need for development of novel antibiotics. Although breakthroughs in
sequencing technologies, mass spectrometry, and bioinformatics have revealed an
almost unlimited potential for new compounds with antibiotic activity, there still
remains a major bottleneck in the determination of mechanism of action (MOA) for
these potential antibiotics. Thus although many new antimicrobial compounds are
being isolated and structurally characterized, we lack MOA information for most.
Determining the MOA is critical for understanding which new molecules will have the

greatest potential as an antibiotic safe for clinical use. Current techniques to identify
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MOA are lengthy, low-throughput and require a large amount of compound. We have
developed a rapid and precise method to determine the MOA of compounds in
Bacillus subtilis utilizing fluorescence microscopy and viability data, termed
cytological profiling. We also developed microculture techniques that allow testing of
compounds utilizing less than a microgram of material. This method was used to
demonstrate that the cannibalistic toxin sporulation delaying protein (SDP) kills the
cell via PMF collapse, which was confirmed by PMF assays, and we have applied the
technique to other natural products. All natural products and control antibiotics have
shown a distinctive pattern in cell architecture that is unique to their MOA. Further
development of cytological profiling by screening of a large library of control
compounds, complemented by cytological profiling data obtained from E. coli, and
paired with development of automated image analysis and microscopy technologies
will make cytological profiling a high-throughput and accurate method of MOA
determination sensitive enough to be used at sub-MIC levels and to identify the MOA

of natural products prior to purification through screening of crude extracts.
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Chapter 1

Introduction



A. A brief history of antibiotic discovery: the Golden Era

Antibiotics have been at the forefront of medicine since the implementation
of penicillin as a treatment for infections in the 1940s. The success of penicillin in
fighting infections revolutionized treatment of infectious disease and led scientists to
look for more of these miracle drugs. Screening for fermentation broths and cell
extracts that affect cell growth, an approach termed empirical screening, yielded many
of our commonly utilized antibiotics, including streptomycin, chloramphenicol,
erythromycin and vancomycin (1-3). Members of the bacterial kingdom
Actinobacteria, frequently isolated from the soil, provided an especially rich source of
antibiotics (4). This rapid discovery of new antibiotics lasted until the early 1960s,
when efforts began to be plagued by rediscovery of identical antibiotics (called
replication) and ultimately returns of new potential therapeutics diminished almost
completely (5-7). This led scientists to believe that the antibiotic capacity of known
microbes was close to being reached. A turn toward more sophisticated means of
screening and new sources of both natural products and synthetic alternatives were
required if new antibiotics were to be discovered to combat the increasing prevalence

of multidrug resistant bacteria (7).
B. Antibiotic discovery v 2.0

The early days of antibiotic screening focused on empirical screening to search
for natural products with antibiotic activity, but the returns with this method had
greatly diminished, and new methods were required to maximize discovery rates.

Rapid rediscovery of antibiotics led scientists to search for dereplication methods to



avoid this issue (7). Additionally, pathogens resistant to commonly used antibiotics
had appeared, creating the need for novel antibiotics that could be added to a doctor’s
arsenal (5, 8, 9). Scientists need to stay ahead of the ability of microbes to adapt to the
new treatments, or risk falling back into the position of the pre-antibiotic era.

The first step in the effort for dereplication was the shift from empirical
screening to target based screening (5, 10). The rational was to look for antibiotics
targeting a specific pre-defined pathway or enzyme, which would then only require
comparison of the lead to a subset of antibiotics to determine if rediscovery had
occurred. This would allow more time and energy to be focused on discovery of new
antibiotics. Target based screening also took advantage of the fact that some pathways,
such as cell wall synthesis and protein synthesis, seemed to be common targets for
antibiotics. Theoretically, choosing an essential and widely distributed pathway as an
antibiotic target would result in a higher hit rate than screens based on other targets.
Target based screening frequently involved using strains that were either genetically
sensitized (11-13), or had reporters designed for activation under specific conditions
induced by antibiotics (14-16). These screens were effective for dereplication but,
other than cell wall active screens (10, 17), they have not fared well as a means of
discovering novel antibiotics (5, 10, 18). The biggest issue is that by definition,
screening for molecules that targets a specific pathway greatly narrows the range of
activities and molecules that can be discovered. Screens for different targets can be
run, but the antibiotics discovered will still be limited to the targets selected for the
screens. The most effective arsenal of antibiotics is a diverse one, and target based

screening stifles diversity and innovation.



As target based screening rose in popularity, the advent of new technologies
for increased ease of protein production and purification made it suddenly possible to
screen for inhibitors of a specific enzyme in vitro. This greatly opened up the number
of targets that could be tested, and many inhibitors were discovered, but in general
they were not viable as antibiotics (5, 6). Many inhibitors of essential enzymes were
described in the literature (5, 11, 19), but a lack of follow up publications suggests that
most likely were not viable as antibiotic leads once tested further. This is likely
because in vitro screens against an enzyme target do not take into account what will
happen in the context of a cell. Difficulties with permeability or the cell’s capacity for
efflux of the compound are not controlled for in an in vitro screen, and many
promising inhibitors had no antibiotic activity when whole cell activity was tested (5,
6). Furthermore, inhibitors that showed potential antibacterial activity, many inhibitors
displayed cytotoxicity for eukaryotic cells or they had secondary targets or
interactions, such as a high affinity for serum albumin (20), that made them unsuitable
for use as an antibiotic (5).

Recognizing that screening of natural products was bringing diminishing
returns in term of novel antibiotics, pharmaceutical companies turned to growing
chemical libraries to look for novel functions and structural classes (5, 6). Since these
compounds could be easily synthesized in sufficient quantities for testing and did not
required lengthy extractions from organisms, these libraries were an attractive source
for antibiotics. So far though, chemical libraries have not lived up to expectations. The
libraries produced are not nearly diverse enough, leading to a much lower hit rate than

in natural products (5, 6, 21). Additionally, molecules from these libraries have



demonstrated a high occurrence of cytotoxic, non-specific membrane effects, and
there is a high occurrence of false positives due to aggregates non-specifically
inhibiting enzymes (5, 21, 22), suggesting that natural products are still the most
attractive source of antibiotics. Indeed, the vast majority of antibiotics currently in the
clinical trial phase are natural products or are based on natural product scaffolds (23-
25). Microbes have the ability to synthesize a greater diversity of molecules than
synthetic chemists and we still have only explored a fraction of the diversity they can
provide. Furthermore, these molecules have been subject to natural selection to have
the ability to penetrate cells, an essential trait for a successful antibiotic, and to induce
an effect beneficial to the producing organism.

Although target based screening is very popular and an attractive model by
which to obtain lead molecules, it still has not been nearly as successful as empirical
screening (5, 6, 21). The decline in empirical screening of extracts containing natural
products was firstly due to high rediscovery rates, and secondly due to the time and
effort required to create these extracts. Lengthy culturing and isolation procedures
made it difficult to produce large quantities of many extracts for use in high-
throughput screening, as it is difficult to obtain the large number of samples required
for high-throughput screening. Determining the best culture and extraction conditions
requires a significant amount of time and is expensive. Large companies are not
interested in anything small scale, and so are reluctant to use a tool unless it is easily
adaptable to the high-throughput methods they wish to utilize.

The industry for drugs, including antibacterials, is driven by profit, and as the

search for new antibiotics has become more difficult, the costs of development have



skyrocketed and profits have decreased (18). A recent article in Forbes magazine
estimates that it requires at least $4 billion in research money per new drug introduced
(26). This number takes into account any type of drug introduced, and it is likely that
the cost for development of each new antibacterial compound is higher. Furthermore,
the focus at large companies has turned to therapeutics for chronic, life-long diseases,
which hold much more potential profit than drugs used to treat acute infections (5, 6,
8, 14). The useful life of an antibiotic is very short, especially with rising rates of
resistance, compared to the amount of effort and time needed for development and
approval. The time required for the development of an antibiotic is estimated to be
almost 14 years from discovery to approval, and the average time before resistance
appears in the population is only eight years (21, 27). This has resulted in less money
being spent on antibiotic research and has left the burden of discovery on small
specialized companies and academics with smaller pools of resources and thus longer
timelines for development. Additionally, a review of the funding distribution of the
National Institutes of Health and found that more than ten times the amount of
research dollars are being granted per HIV death than per Staphylococcus aureus and
Clostridium difficile related death, demonstrating that research efforts to develop novel
antibacterial drugs are severely underfunded (28).

The race to develop of novel antibiotics to stay ahead of rising resistance is not
going well. More than 70% of pathogenic bacteria are resistant to most antibiotics, and
patients colonized with multi-drug resistant microbes have a higher chance of death
when compared to patients infected with susceptible microbes (29). Almost 100,000

people a year die in the US due to hospital-acquired infections and there are over two



million deaths worldwide every year due to bacterial infection (6, 28). Of the greater
than two million hospital-acquired infections in the US every year, 50-60% involves
bacteria resistant to an antibiotic (30). Beyond the death toll, the cost to the healthcare
system associated with each hospital acquired infection is anywhere from $1,200 for a
catheter-associated urinary tract infection to $22,875 for ventilator-associated
pneumonia (31). The increase of travel makes the spread of multi-drug resistant
bacteria world-wide easy. Travelers can become colonized by pathogens during a stay
in another country and spread them to new areas (32). Colonization by foreign bacteria
during travel is common enough that screening travelers coming back from third
world countries has been proposed as a way to track the emergence of new pathogens
in those countries (33).

Clearly, novel antibiotics are sorely needed and the current strategies have not
provided satisfactory results (8). The most recently discovered antibiotic with a novel
scaffold to be approved for human therapy is daptomycin, which was discovered in
1987 (5). Modification of current scaffolds has yielded a multitude of antibiotics (25,
34), but there is a limit to how many effect antibiotics can be built on the same
scaffold and new scaffolds must be discovered if we are to stay ahead of the microbes.

This will require innovative new methods of antibiotic discovery and characterization.
C. Emerging methods in natural product discovery
New mass spectrometry (MS), sequencing, gene synthesis, and bioinformatics

technologies in recent years have revolutionized the field of natural product discovery.

These methods simplify the identification process for natural products and the search



for their synthetic machinery, and represent a method of dereplication that is
compatible with empirical screening.

Two exciting new MS technologies are MALDI (matrix assisted laser
desorption ionization) imaging mass spectrometry (IMS) and nanoDESI (nano-spray
desorption electrospray ionization) (35, 36). In MALDI IMS, colonies of microbes
(36), or even sections of an organism (37), are covered in matrix, dried down, and
MALDI can be performed directly off the colonies/tissue section. A raster can be
defined and spectra obtained from a grid of points spanning the sample. The spectra
from each raster point can then be assembled to form a two dimensional visualization
of the location of each major molecule within the sample (36). The ability to see the
position of a natural product in a colony or interaction can sometimes lead to a clue as
to the function of the molecule. For example, a molecule seen in a zone of
clearing/inhibition might have antimicrobial properties as was shown to be the case for
chalcomycin A, produced by Streptomyces sp. Mgl, and arylomycin, produced by
Streptomyces roseosporus (38, 39).

Similar to MALDI IMS, nanoDESI mass spectrometry allows for sampling to
occur directly from a colony or tissue section. Data is collected through analysis of a
constant flow of solvent that is in contact with the sample. The solvent is flowed
through capillary tubes so that a small exposed droplet of flowing solvent can be
lowered onto the sample. This both eliminates sample prep and allows analysis of the
same sample over multiple timepoints and with multiple solvents, because the sample

is not destroyed during data collection (35). An advantage of nanoDESI over MALDI



IMS is that a matrix is not required for ionization; matrix signals can obscure
molecules in the low molecular weight range from the sample.

Both MS techniques are ideal for natural product discovery for several reasons.
MS is very sensitive, and so molecules can be detected that would otherwise be missed
by other methods. Both of these techniques allow for direct sampling of a colony or an
interaction and give differing amounts of spatial information for the natural products.
MALDI IMS provides a greater range of spatial information, while nanoDESI
provides more flexibility and the ability to see molecules that would be obscured by
matrix in MALDI IMS. Both techniques allow sampling of microbes growing on solid
surfaces, which is usually better for natural product production, and that allow biofilm
formation and cell differentiation, maximizing metabolic output (35, 36). MS data can
also be easily utilized to identify known antibiotics in the sample if MS/MS data is
available, making it useful in dereplication (35, 39-43). MALDI IMS can generate
MS/MS data, but only if the target ions have been identified prior to ionization, a
disadvantage compared to nanoDESI, where MS/MS data can be collected without
prior knowledge of the ions to be fragmented. To identify the molecules present, MS
and MS/MS data can be paired with several new bioinformatics techniques that allow
easy identification of molecules and that connect the products with their biosynthetic
machinery and genes.

An exciting new bioinformatic technique that pairs well with MS data is
molecular networking. This technique takes the MS/MS data collected from a sample,
compares each spectra, gives each a relatedness score, and the resulting relatedness

scored data is visualized using Cytoscape (41, 44). The result is clusters of related
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spectra that represent different adducts of a molecule or, in the case of lipopeptides,
different chain lengths of the same natural product. These spectra can be compared to
known molecules or they can be identified through sequence tags if they include
amino acids as do the ribosomally encoded antimicrobial peptides and the non-
ribosomally encoded polypeptide synthases. The networks of two different species,
conditions, or timepoints can be compared and represented on a single network using
color coding to see differences between the samples (35). This approach has been
used to identify molecules with antibacterial properties that are specifically induced
during coculture with another bacterial species as has been shown for several
molecules produced by Streptomyces coelicolor (35). One clear strength of this
approach is that a variety of conditions can easily be screened and compared to look
for production of a previously silent natural product.

A major breakthrough in natural product discovery came with the rise in power
and accessibility of high-throughput sequencing technology. As sequencing whole
genomes became possible and more popular, a wealth of genetic information became
available. Examining the genomes of laboratory species (genome mining) revealed
that we had grossly underestimated their metabolic potential (45, 46). Laboratory
conditions are not designed to induce natural product production in most cases, and a
multitude of conditions or competing organisms could be required to induce an
organism to produce all of the natural products it is capable of producing (45). The
NRPS/PKS cluster prediction program AntiSMASH allows easy prediction of the
synthetic machinery for natural products hidden in an organism’s genome and even

the product of that machinery (46, 47), making genome mining accessible to a much
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wider audience. The constant supply of genome sequences becoming available means
that a vast array of natural products are just waiting for characterization. Excitingly,
with all of the metagenomics surveys, these studies are not even limited to culturable
organisms, and identification of an interesting cluster might in the future be used to
justify additional effort culturing the organism or achieving expression of the gene
cluster. The problem now lies not in discovery of natural products, but in identifying
those that have the greatest potential as antibacterial drugs.

For natural products that are made under laboratory conditions, there still
remains the problem of connecting the product to the gene or synthetic machinery.
The integration of MS data and genome mining is perfect for this challenge. MS data
can also include MS/MS spectra, fragmentation data from a single product, which can
be used to generate a sequence tag. This tag can then be used to find the
gene/machinery responsible. For ribosomally synthesized natural products, the tag can
be directly linked to the gene product and has been done with a sequence tag of only
five amino acids (40). The linking of a sequence tag from a NRPS or PKS natural
product is not as straightforward, but can be done through matching of the sequence
tag to the predicted natural product of a NRPS or PKS cluster (39).

The natural product synthesis machinery found by genome mining is often
“silent”, meaning the product has not been detected in culture, but the hope is to use
other methods to induce production of these products. One way to induce these silent
genes is to use coculture techniques. Spotting the producer species side by side with
other species often results in production of natural produces that would not be made

under other circumstances. This has proven successful in the discovery of several
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previously silent natural products (48-51). Other ways of inducing silent gene
expression involve genetic manipulation. Many of these clusters have regulatory
proteins, and engineering a positive transcriptional regulator to be overexpressed or
elimination of a repressor will result in the natural product being made (46, 52, 53).
This is the simplest method, but if the organism is not genetically tractable, more
complex methods are required. The entire gene cluster can be added to a plasmid or
artificial chromosome and expressed in a different, more genetically tractable
organism. This requires a lot of effort, but has proven successful in several cases (54,
55). With current technology, a site that is difficult to clone or a site from an
uncultured organism can be utilized by DNA synthesis of the entire region and
subsequent cloning into an appropriate vector, further expanding the diversity of
products we can obtain.

The discovery of silent gene clusters has greatly expanded the diversity of the
biosynthetic machinery for secreted metabolites at our disposal. An attractive way to
manufacture new “unnatural” natural produces is by utilizing the modular nature of
the machinery for producing polyketides (PKS) and non-ribosomally encoded
polypeptides (NRPS), which are so far the most structurally diverse and successful
scaffolds in the bacterial toolkit for making bioactive molecules. Different modules
from the PKS and NRPS proteins can be swapped, shuffled, deleted, and modules
from different organisms can be combined to make an organism that will manufacture
the newly designed natural product for us (56-59). Creating new products through
manipulation of domains could potentially lead to more diversity and more efficient

synthesis of the end product than could the synthetic manipulation of a scaffold.
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In recent years, the pool of natural products from which we can pull
therapeutic lead compounds has expanded exponentially. In addition to genome
mining, there is an influx of natural products from culturing of new organisms,
especially those from marine environments. Soil organisms have been the most
prevalent organisms screened for natural product production so far due to the ease of
obtaining and culturing many of them. Now with improved culture techniques and
metagenomic data, marine organisms are attractive as a divergent source of novel
antibiotic natural products (60, 61). The amount of information at our disposal
continues to grow as more organisms are available to work with. It is the utilization of
this information that will provide the next breakthroughs in drug discovery. Thus, the
major challenge in identifying new antibacterial compounds of potential therapeutic
use no longer remains in discovery of more natural products, but in better methods to
test these products for antibacterial abilities and to then develop them into useable

drugs.
D. Natural products: more than just microbe Killers

Humans have effectively coopted natural products to use as antibiotics in our
fight against infectious disease, but what is the purpose of these natural products in the
environment? As the techniques to monitor interspecies interactions, such as MS
technologies, and to gain information directly from the environment, such as
metagenomics, have improved, there has been an increased interest in the parvome,
which is made up of all the secreted metabolites made by a cell. Antibiotics were

assumed to be primarily used for bacterial defense in the environment as species battle
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it out to create their own niche, but experiments that deal with this subject are
performed under controlled laboratory conditions and thus there is little direct
evidence from environmental sources to support this (62). Even if some of these
molecules are used for this purpose, it is not likely they all are. It is more likely that at
least some are used as signaling molecules at the low concentrations they might be
present at in the environment. One study found that the expression of up to 5% of all
promoters respond to sub-MIC levels of antibiotics (63), and another found that sub-
MIC levels of tobramycin or tetracycline stimulate biofilm formation in Pseudomonas
aeruginosa (64). A direct biofilm to biofilm signaling event occurs when B. subtilis
biofilms produce surfactin, which represses the formation of aerial hyphae in a
neighboring Streptomyces coelicolor biofilm (65). Numerous studies, such as those
mentioned above, support the idea that molecules sometimes thought of only for
antimicrobial purposes might serve multiple functions in the environment (62, 64, 66,
67).

Although it might seem that studying the purpose of natural products in the
environment is not relevant to medicine, the opposite is true. Analyzing the purpose of
natural products in the environment and in interspecies interactions could provide
information of great importance to medicine. As microbes find more ways to combat
antibiotics, we must look for all alternative therapeutic approaches that might harness
other, non-lethal roles of natural products. For example, up to 65% of hospital-
acquired infections involve biofilms (68), and in many cases these biofilms are more
resistant to antibiotics than their non-biofilm counterparts (69-72). Biofilms frequently

occur in the hospital setting, in patients, sometimes on medical implants, and on
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catheters, endoscopes and any surface that can be colonized (73). Bacteria in a biofilm
can sometimes even survive sanitization of equipment (74-76). Thus, infections
caused by bacteria in biofilms are difficult to treat, and if the bacteria survive initial
treatment, treatment becomes even more difficult (77). Dispersal of bacterial biofilms
would therefore improve the chances of successful antibiotic treatment (78-81).
Indeed, azithromycin is already being used in this capacity to treat P. aeruginosa
infections in the lungs of cystic fibrosis patients: although azithromycin does not kill
P. aeruginosa, it disperses the biofilms and increases the effectiveness of subsequent
antibiotic treatment (82, 83). Thus, understanding molecules that promote biofilm
formation and dispersal could lead to the discovery of new treatments that could be
used in combination with current antibiotics to more effectively control infections that
involve biofilms.

Many bacteria can also be beneficial to humans, in large part due to
interspecies interactions that help keep humans healthy and infection free. The normal
inhabitants of the human microbiome have colonized us and can ward off attempts at
colonization from less friendly species (72, 84). Treatment with a probiotic that
outcompetes an invading species is an attractive treatment option and could reduce the
number of patients who require antibiotics (85, 86). Understanding the interactions of
these microbes, which likely involves natural product signaling, is of great importance

to the war on multi-drug resistant super bugs.

E. Determining the mechanism of action of natural

products: How do they work?
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A critical factor to consider when evaluating the potential of a new antibiotic is
its mechanism of action (MOA). A good antibiotic must selectively target an essential
process in the cell, but without having a target with structural homology to anything in
eukaryotes or there is a risk of cytotoxic effects. Now that such a multitude of natural
products have been discovered, the question remains, what are their MOAs? Most
research has been targeted towards identifying and then structurally characterizing
natural products, while approaches for MOA determination have not benefited from
the rise of high-throughput screening. Screens designed to look for molecules that
affect a specific target or pathway would seem to make MOA determination simple,
however most targeted screens are performed in vitro and only test the ability to
inhibit an enzyme under non-physiological conditions. Molecules often have
secondary targets or non-specific effects that can only be detected when non-
sensitized, whole cells are treated, and so experiments must still be performed to
correlate the predicted MOA with a specific effect in whole cells.

There are several general methods that can be employed when there is not a
concrete hypothesis for MOA. Measuring the effect of a compound on
macromolecular synthesis monitored by radioactive labeling experiments has long
been employed as a method of general MOA determination. By measuring the effect
of treatment on DNA, RNA, protein, cell wall, and fatty acid or lipid biosynthesis, the
pathway acted on by the compound can be determined. If a specific pathway is
inhibited, then the compound has a MOA directed at a part of that pathway, but if all

pathways are affected, then a non-specific MOA, such as lysis or membrane
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depolarization, is likely. A major disadvantage of this technique is the requirement for
radioactive labeling. The process is expensive, and not high-throughput.

Another method for MOA determination that has been around for decades, and
is still frequently used today, is the isolation and characterization of spontaneous
resistance mutants. Mapping and sequencing of the gene responsible for the resistance
can provide valuable clues as to the MOA. In the simplest case, the mutation will map
directly to the gene that produces the target (87-91). This is the case for many mutants
resistant to B-lactam antibiotics and can identify the specific penicillin binding protein
each f-lactam binds (87). Target identification directly through mapping of
spontaneous resistance mutants is also common with protein synthesis inhibitors,
where mutations usually map to ribosomal genes (88). However, in other cases, the
mutation will cause physiological changes that allow the cell to bypass the effect of
the antibiotic, which provide varying degrees of clues as to the target. It is common to
find mutations that result in decreased uptake of the antibiotics and thus higher
resistance, especially when dealing with aminoglycoside antibiotics (92-94). Thus,
mapping of resistance mutants can provide high resolution data as to the target of an
antibiotic, but only if resistance mutations map directly to the target. The process of
obtaining the mutant and subsequent identification of the affected gene is not always
an easy process, and it does not guarantee target identification.

Many antibiotics induce specific cell stress pathways, and understanding which
of these are induced can provide clues as to the MOA. These approaches typically use
microarrays to measure the effect of antibiotics on transcription of treated cells (95).

Microarrays from cells treated with compounds can then be compared to those of
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control compounds to look for general patterns and stress responses. These results are
very complicated, and require a great deal of effort to interpret, with many factors,
such as the amount of antibiotic and length of time of treatment playing a major role in
the outcome. Unfortunately, the majority of studies have been small scale and were
done under a variety of conditions with different medias, times exposed to antibiotics,
and levels of antibiotics used. This makes direct comparison of most studies
impossible. Some of these small studies have, however, been used to tease apart the
differences in MOA between closely related compounds, such as daptomycin and
fruilimycin B (96).

Several large-scale studies have elucidated patterns of gene expression
indicative of the MOA of major drug classes. Two of these studies were in B. subtilis
and one was in Mycobacterium tuberculosis. The first study in B. subtilis, comprised
of the profiles of 37 compounds, demonstrated that compounds with similar MOAs
could be clustered, but that accurate identification of MOA depends on number of
compounds tested for each MOA (97). Cell wall inhibitors were classified particularly
well since there are a large number of characterized compounds that target this
pathway, and all drugs targeting the cell wall were clustered by this approach (even if
they block different steps). All other classes contained at least one mis- or unidentified
outlier. They estimate that five to six compounds per class are required, which may
not be possible for every class. A follow up study proposed an alternative way to
increase classification accuracy by including profiles of conditional mutants (98). The
profiles of each conditional mutant showed equivalent responses to those treated with

drugs that inhibit the product of the gene and allows for classification of molecules
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with an MOA that lack a sufficient number of control compounds. This method
allowed for the characterization of two molecules with novel MOAs. The study
emphasized the importance of optimizing the methods used to collect the data,
especially the timing and number of samples to be collected. Later timepoints (40 min)
provided the best data for broadly classifying MOA, but the specific MOA could not
be identified until the earlier (10 min) timepoint was also analyzed.

A microarray study in M. tuberculosis was able to accurately classify a number
of compounds without as many outliers as the B. subtilis studies. For each class of
compound, a core set of genes was identified whose expression levels acted as a
signature of a particular MOA, and the effect on the genes could be logically
explained directly by the MOA. Each of the large scale studies was able to cluster the
compounds by MOA to varying degrees, but MOA identification is still limited to
known MOAs. A major advance allowed by these results is the construction of
biosensor genes that are induced preferentially after treatment with compounds with a
specific MOA. These genes can be fused to reporters and used in screening efforts,
either for target-based screens, or for dereplication for hits from an empirical screen.

Proteomics has been used as a relatively new method of MOA determination.
A library of compounds with known MOAs was evaluated using 2D gel analysis to
create a control set. Overlay and matching of these 2D gels can give a MOA if a
similar compound has been tested previously. A major downfall is any change in the
pl of any of the proteins as a side effect of treatment greatly heightens the difficulty of

matching the gels (99, 100). Like microarrays, these results are very complicated and
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difficult to interpret, but proteins that show large changes might provide clues to the
precise MOA.

Other screens for MOA identification use mutant strains that either
overexpress or underexpress target proteins to search for increased or decreased
resistance to antibiotics and molecules of interest. Testing hundreds of strains
individually would be laborious and time-consuming, but pooling of different strains
allows the process to be performed with much fewer samples. Pools of strains each
containing an inducible antisense RNA for an essential gene that has been induced
enough to sensitize the strains, but not prevent growth. These pools can be treated with
the compound being tested, and strains that are downregulated for the target of the
compound will be sensitized to the compound and be killed off by the compound at
sub-MIC levels for the wildtype strain or out-competed by the other strains in the pool.
This has been developed in Staphylococcus aureus with good results (101, 102). A
similar assay in E. coli aims to look for the opposite effect by screening pools of
mutants each overexpressing an essential protein and looking for increased MICs
(103), but six years later has not made it past the initial proof of principle study.

Recently, a new high-throughput method of MOA determination was proposed
using the output of growth of 15 different bacterial species and strains after antibiotic
treatment (104). This method, called bioMAP, is effectively a growth assay using
strains and species that differ in their specific and non-specific antibiotic resistance
mechanisms, with a variety of Gram-negative and Gram-positive species tested, as
well as multidrug resistant strains such as MRSA and P. aeruginosa. The bioMAP

assay therefore assesses structural class rather than MOA, although many compounds
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in the same structural class have the same MOA. BioMAP was able to predict the
structural class of some compounds by clustering with a panel of known control
compounds. However, not all of the control compounds cluster perfectly, meaning
many compounds could remain unidentified if they are outliers. Of the 12 different
structural classes tested, six clustered perfectly, two did not cluster at all, and the rest
had at least one outlier. This is a fairly high occurrence of outliers, and thus the
method may only be useful in testing for compounds that fall into the six structural
classes that clustered perfectly. Many of the compounds tested were the only
representative of their structural class and thus could not be clustered, leading to an
inability for the method to identify likely the majority of new natural products being
discovered. Further testing with this method using more compounds within each class
could improve clustering and make identification of a wider variety of structural
classes possible. The most pressing medical need is for novel compounds that do not
belong to the same structural classes as existing antibiotics, so perhaps the best use of
bioMAP clustering is as a preliminary screen for molecules that fail to cluster, which
might therefore be structurally novel. .

MOA determination remains a large bottleneck for natural product discovery,
and new methods must be developed to ease this burden. Many of the methods I have
discussed are not viable for adaptation for high-throughput testing, which will become
essential as the amount of natural products available continues to increase
exponentially. Furthermore, a major drawback of natural product discovery is that
isolation is often a laborious task that produces very small quantities of purified

product. Current methods for MOA determination typically require that milliliters of
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cells be treated for a single experiment, which is not compatible with the amount of
natural product that is usually available. New methods need to be created that work on
a very small scale to conserve the natural product. Approaches that conserve the
product mean that less time has to be spent on isolation, and in turn, more products
can be isolated. Once a natural product has shown promise of a desirable MOA, more
can be isolated and precise tests run to identify and confirm the exact target.

An intriguing method for MOA determination that depends on fluorescent
microscopy, termed cytological profiling, has previously been utilized in eukaryotes
with some success (105, 106). Cells were treated with antibiotics, fixed, and then
stained with a total of 11 probes to provide information on cell properties such as
DNA replication, protein synthesis, actin, microtubules. Automated microscopy was
used to capture images in a high-throughput manner, and automated image analysis
provided measurements of cell and organelle shape, intensity of each probe, and other
important parameters. All of these parameters could then be scored and compared to
the results of other compounds or to controls. Drugs with similar targets clustered
together when all the variables were taken into account, and they were able to use
comparisons to identify potential mechanisms for two compounds with unidentified
MOAs (105). A similar study looking at the effects of a panel of protein kinase
inhibitors further reduced the data using principle component analysis, which takes
correlated variables and combines them, resulting in a smaller number of outputs and
simplifying data comparison (106).

Cytological profiling is an attractive method to adapt for bacteria. It would be

high-throughput, and since it involves looking at individual cells, with the right culture
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techniques, could utilize a minimal amount of compound. However, each of the
published cytological profiling studies used high-throughput microscopy systems of
low magnification and resolution that are not suitable for determining the MOA of
antibacterial compounds. It therefore remains unclear if this method for MOA
determination can be achieved in a much smaller organism with a limited number of
variables to measure, and if treatment with compounds with different MOAs will
provide enough information to allow differentiation between a large number of
MOAs. In the next several chapters I will cover the development of cytological
profiling for use in B. subtilis. Chapter 2 covers the development of microculture
techniques that reduce the sample size to 15 pl, making it possible to conduct
experiments with extremely limited amounts of compound. In chapter 3, I demonstrate
that cytological profiling is a viable option for MOA determination by determining the
MOA of the cannibalism factor sporulation delaying protein (SDP) produced by B.
subtilis utilizing less than 80 pg of compound. In chapter 4, I expand the list of
compounds that have been profiled and demonstrate that cytological profiling in
bacteria is a viable option for MOA determination that is worth further development.
Finally, in Chapter 6 I discuss the current state of the approach and future

developments necessary to make it as broadly applicable as possible.
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During bacterial cannibalism, a differentiated subpopulation har-
vests nutrients from their genetically identical siblings to allow
continued growth in nutrient-limited conditions. Hypothesis-driven
imaging mass spectrometry (IMS) was used to identify metabolites
active in a Baciifus subiilis cannibalism system in which sporulating
cells lyse nonsporulating siblings. Two candidate molecules with
sequences matdhing the products of skfA and sdpC, genes for the
proposed cannibalistic factors sporulation killing factor (SKF} and
sporulation delaying protein (SDP), respectively, were identified
and the structures of the final products elucidated. SKF is a cyclic
26-amino acid (aa} peptide that is posttranslationally modified with
one disulfide and one cysteine thioether bridged to the «-position of
a methionine, a posttranslational modification not previously de-
scribed in biology. SDP is a 42-residue peptide with one disulfide
bridge. In spot test assays on solid medium, overproduced SKF and
SDP enact a cannibalistic killing effect with SDP having higher po-
tency. However, only purified SDP affected B. subtifis cells in liguid
media in fluorescence microscopy and growth assays. Specifically,
SDP treatment delayed growth in a concentration-dependent man-
ner, caused increases in cell permeability, and ultimately caused cell
lysis accompanied by the production of membrane tubules and
spheres. Similarly, SDP but not SKF was able to inhibit the growth
of the pathogens Staphylococcus aureus and Staphyfococcus epider-
midis with comparable ICg, to vancomycin. This investigation, with
the identification of SKF and SDP structures, highlights the strength
of IMS in investigations of metabolic exchange of microbial colonies
and also demonstrates IMS as a promising approach to discover
novel biologically active molecules.

cannibalism | bacterial communication | natural product | posttranslational
modifications | thioether

M etabolic exchange describes the process of exchanging sig-
nals or nutrients between cells or populations and s a com-
mon feature of all living systems. Bacteria produce a wide array of
signaling molecules to control metabolic as well as morphological
and developmental changes in either an interspecies or in-
traspecies manner (1). Bacilfus subihs, for example, has a complex
life cycle and thrives in diverse living conditions ranging from soil,
contaminated wounds, and the intestinal tract (2—1). To accom-
modate this, B. subglis dedicates ~10% of its genome to the pro-
duction of specific molecules involved in intra- and interspecies
metabolic exchange (5). Two of these malecules are sporulation
delaying protein (SDP) and sporulation killing factor (SKF),
which, based on genetic experiments, are proposed to lyse a sub-
population of B. subtifs cells to provide mutrients for the remaining
cells, a process referred to as bacterial cannibalism (6-10). This
behavior is dependent on Spo0A, a master transcriptional regu-
lator that also controls biofilm formation and sporulation (6-13).

16285-16290 | PNAS | September 14, 2010 | vol 107 | no. 37

‘We set out to characterize these cannibalistic compounds to es-
tablish their roles in the B. subifis 1ife cycle and to understand their
structure and biosynthesis. In addition, previous reports have
suggested that the o&f and sdp gene clusters preferentially target
non-B. subitlis cells, suggesting that the cannibalistic factors might
represent promising new antibiotic leads (14, 15).

Before this study, SDP had been partially purified (6), whereas
SKF had not been identified or structurally characterized, al-
though B. subidlis is the model organism for Gram-positive bacteria
and many laboratorfes had mvestigated its metabolic output. The
difficunlties of identifying these molecules could arise from the fact
that the cannibalistic effect was observed only on solid media but
not in liquid media (6). Therefore, we decided to nse imaging mass
spectrametry ([MS) to visualize the process by growing the do-
mesticated strain PY79 directly on the MAIDI target plate
(16-18). With this approach, we were able to purify and determine
the structre of mature SKF and SDP. In solid medium, both
molecules act as cannibalistic killing factors, however, only SDP
inhibited the growth of B. subfifis and the Gram-positive pathogens
Stapfyylococcus aureus and Staphylococcus epidennidis m liquid
medium. This nvestigation demonstrates that [MS is an effective
tool to identify cell-to-cell interaction signals, and provides an
approach to the discovery of bioactive molecnles.

Results and Discussion

Identification of SKF and SDP via IMS. The B. subrifis cammibalistic
phenotype presents itself only on solid media (6), yet there are very
few tools that can spatially characterize metabolic output on solid
surfaces. We therefore nsed thin-layer agar IMS, which is capable
of capturing the spatial distribution of metabolites in growing
colonies and can be used to understand microbial metabolic ex-
change, to visualize the cammibalistic factors SKF and SD/P (18). In
this [MS experiment, a growing culture of B. subalis P'Y79, used in
the original report on camnibalism (6), was cultured adjacent toa
Aspofld strain (KP648) and its metabolic output was profiled by
IMS (Fig. 14). We anticipated that a zone of clearing on the
Aspoltd strain would be observed and that IMS could be used to
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Fig. 1. IMS of intraspecies metabolic exchange. (4) IMS of PY79 and Aspo0A
{KP648) coculture. {7) lon distributions observed for surfactin ({M+K]"), SKF
{[M+H]"), and SDP {[M+K]*"). 7 is a superimposition of all three ions. {2) Super-
imposition of the photograph and IMS data. Arrows point to glassy region of
Aspo0A and SDP overlap. (B) IMS of EG208 with orwithout IPTG.{7) Photographs
of the colonies. {2) IMS pictures of ion 2782. (3) Superimposition of 7 and 2.

identify candidate signals involved in the lysis of Aspo0A cells.
Indeed, we observed a decreased growth phenotype as well as
a glassy appearance in the region of Aspo0A4 adjacent to the
cocultured PY79 cells (Fig. 14 and $1 Appendix, Fig. §1).

Several ions were observed in the IMS data. First, KP648 (PY79,
Aspo0A) produced the nonribosomal peptide synthetase-derived
lipopeptide antibiotic surfactin. This was unexpected, because
PY79 has a frameshift mutation in the gene encoding for the
phosphopantetheinyl transferase protein, $fp (19), and we con-
firmed by DNA sequencing that this mutation is present in the
AspolA strain. This indicates that the surfactin nonribosomal
peptide synthetases are activated via a lower efficiency phospho-
pantetheinylation pathway that is up-regulated in the absence of
Spo0A. However, judging from their relative mass spectrometry
(MS) intensities, the signal of surfactin at 96 h was at least 10-fold
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less than the amount produced by the nondomesticated B. subtilis
strain 3610 (S Appendix, Fig. §2), which has a functional sfp gene.
Second, some signals produced by PY79 appeared to define
a boundary between the PY79 and Aspo0i4 colonies, including the
ions at //z 2782 and 4350 (Fig. 14). Ion 2782 was associated with
the border between the two cultures, and ion 4350 wasfound in the
regions where the Aspo(.A strain was glassy and displayed reduced
growth. Thus, the 4350 m/z ion was the favored candidate that
caused the majority of the cannibalistic killing effect, because of
the overlap with the zone of reduced growth on Aspo04, whereas
the 2782 ion stopped at the interface of the two colonies.

After an l-butanol extraction and a desalting step, the two
uncharacterized ions were measured at mfz 2782 [M+H]|" and
4312 [M+H]*, suggesting that ionm1/z 4350 is the potassium adduct
form [M+K]™ (87 Appendix, Fig. §3). These two ions were then
subjected to fragmentation by MALDI-TOF tandem MS (TOF/
TOF). The ion at m/z 4312 [M+H]* gave a long and unambiguous
sequence tag corresponding to VAAGYLYVVGVNAVALQT-
AAAVTTAVW and matched residues from Val'*® to Trp'™ of
SdpC (ST Appendix, Figs. S44 and S5 and Table S1), whereas the
TOF/TOF fragmentation of the 2782 ion gave a candidate se-
quence tag, LPHPA (SI Appendix, Fig. S4B). This sequence tag
matched a sequence within SkfA, the proposed precursor for the
mature form of SKF (6). However, the sequence tag was in-
sufficient to positively identify SKF, because none of the ion masses
could be directly matched with the linear sequence of SkfA, and
many ions in the spectrum remained unexplained. To confirm the
identity of this ion, strain EG208 with an IPTG inducible promoter
in front of the skf gene cluster was subjected to IMS. If the ion with
miz of 2782 is SKEF, it is expected to be present only when IPTG is
added. Indeed, in the absence of IPTG, the ion at at/z 2782 is absent
as judged by IMS (Fig. 1B8). In addition, the production of this ion
was abolished when the skf4 gene was inactivated, solidifying that
this 2782 ion is indeed the mature form of SKF (S Appendix, Fig.
52, EG165). Similarly, the 4350 signal was not observed in ansdpC
deletion strain, in agreement with the identification of this ion as
SDP (81 Appendix, Fig. 82, EH273).

Isolation and Structural Elucidation of SDP and SKF. With the masses
of SKF and SDP in hand, it became possible to use an MS-guided
isolation for both molecules. Unlike the antibiotics surfactin and
subtilosin, SDP and SKF did not readily diffuse into the solid
media as judged by IMS (Fig. 1.4 and B and SI Appendiv, Fig. 82).
This implied that SDP and SKF are hydrophobic in nature, and
thus we adapted our purification protocol accordingly (ST.4ppen-
dix, ST Methods). The isolation and subsequent structural analysis
using tandem MS and NMR enabled us to determine that SDP is
a 42-aa peptide with a disulfide crosslink and that SKF is a 26-aa
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disulfide-containing cyclic peptide with a thioether crosslink of
a cysteine to the o-carbon of a methionine (Fig. 2). This riboso-
mally encoded peptide is unusual in terms of structure but is
consistent with the transport and biosynthetic enzymes found on
the skf gene cluster as described in ST Appendix, ST Text (6). A full
description of the data and methods that led us to the de-
termination of these structures is provided in ST 4ppendix, SI Text.

Biological Effects of SDP and SKF. With the availability of microgram
quantities of purified SKF and SDP, the biological effects of these
compounds on B. subsilis growth in liquid and solid cultures and the
effects on cell structure were evaluated. First, we added the purified
compounds toliquid cultures of the undomesticated WT strain 3610,
its domesticated laboratory descendent PY79, and a PY79 strain con-
taining the Aspo(l4 mutation (KP648). 3610 was included to verify the
relevance of our findings to an undomesticated strain of B. subslis. In
rich media (ISP2 or LB media), 20 pg/mL purified SDP significantly
and rapidly inhibited growth of 3010, PY79, and Aspo(ld, whereas

C 60 minutes of treatment
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20 pg/mL SKF, surprisingly, had little observable effect on growth (57
Appendix, Fig. $6). PY79 was much less affected by the addition of
SDP than the other strains, presumably because PY79 produces SKF
and SDP during growth and likely expresses the resistance genes,
whereas we were unable to detect the compounds in the Aspo4
mutant under any conditions tested and 3610 produced low levels
of the compounds only at late times on LB and DSM (87 Appendix,
Figs. 82 and 87).

To determine the growth inhibitory activity of SDP in more
detail, we investigated the effects of different concentrations of
SDP on growth of the AspofiA4 strain KP648. A concentration-
dependent growth effect was observed (Fig. 34). Upon addition of
5-20 pg/mL SDP, growth was halted but was able to resume after
several hours of continued incubation. The recovery represents
survival of a subpopulation of SDP-resistant cells that are able to
resume growth after a lag period (discussed below). The concen-
tration of SDP significantly affected the degree to which growth
was inhibited and the length of the growth lag. To evaluate how
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Fig. 3.

Biological effects of SDP on B. subtilis. (4) Growth curves of KP648 (Aspo04) in ISP2 media with various concentration of SDP. SDP was added at 0 h.

—o—Indicates 20 pg/mL; —m—. 10 pg/mL; —a—, 5 pg/mL; =, 2 pg/mL; =, 0.2 pg/mL; and —e—, DMSO control. (B) Growth curves of KP648 (Aspo04) in ISP2
media with 20 pg/mL SDP. SDP was added at 3 h (—=—) and 6 h {(—&—).—— Indicates DMSQ control. {C) Fluorescence micrographs of growing cells of 3610,
PY79, ALB1035 {3610, Aspo0A), and KP648 (PY79, Aspo0A) treated with DMSQ or 20 pg/mL SDP for the time indicated. Red stain is FM 4-64, a fluorescent
membrane stain; blue and green stains are DAP| and Sytox Green, two DNA stains that are membrane impermeable. Sytox Green is the least permeable and
provides the greatest increase in fluorescence in permeabilized cells. White arrows point to dividing cells. In the DMSO control, the arrow points to a normal
division, whereas in the other images the septa are asymmetric. Double arrowheads point to large gaps in membrane staining. Light blue triangles point to
membrane spheres, whereas white triangles point to tubular membranes. After 300 min of treatment of PY79 with SDP, surviving cells are smaller, dividing,
and impermeable to Sytox. (D) Time-lapse microscopy images collected at 110 min after SDP treatment. Still images from 0 to ~21 5 are shown.
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rapidly SDP inhibited growth, SDP was added to an exponentially
growing culture. The addition of 20 pg/mL SDP at different time
points rapidly caused growth to level off with very little decrease in
optical density (Fig. 38). These results demonstrate that purified
SDP has rapid effects on growth of B. subtilis cells but that SKF
does not at the highest concentration (20 pg/mL) that we tested.

We next performed fluorescence microscopy on living cells of
3610, PY79, and the Aspo4 derivatives of these strains (ALB1035
and KP648, respectively) following treatment with 20 pg/mL SDP
forvarious times in liquid culture. Cells were stained with FM 4-64,
a fluorescent membrane stain that inserts into the outer leaflet of
the bilayer, as well as Sytox Green and DAPI, two DNA stains that
do not efficiently cross the bilayer unless the cells are permeabilized
(Fig. 3C). The first effect was noted ~60 min after the addition of
SDP to 3610, when we observed that the cells often showed partial,
asymmetric septa, and localized bright staining of membranes
(arrows), suggesting the presence of deformations in the cyto-
plasmic membrane, particularly at division sites. Approximately
5% of the cells at this time also showed increased permeability to
Sytox Green and DAPI, and a subset of these cells showed large
gaps in the membrane staining (double arrowheads), suggesting
that these cells lack an intact cytoplasmic membrane. By 120 min,
more cells showed increased permeability to Sytox Green, DAPL,
and discontinuous membranes, and we observed many spherical
and tubular membrane projections (arrowheads). By 120 min,
~33% of all morphologically intact 3610 cells stained with Sytox
Green, indicating they were permeablized, and 5% of the cells had
protruding tubules (ST Appendix, Tables S2 and §3). By 300 min,
very few intact cells remained in the Aspo(l4 culture, whereas the
PY79 culture still contained dividing cells, confirming the increased
sensitivity of the Aspol4 mutant to SDP. Time-lapse microscopy
revealed that the membrane tubules were formed and released in
a matter of seconds (Fig. 3D and Movie S1).

The domesticated strain PY79 and its AspoQd derivative
(KP648) responded more slowly to SDP, with only ~4% of cells
showing increased Sytox Green permeability at 60 min after
treatment, and with major changes in cell morphology first ob-
served 90 min after (reatment. At 120 min, 13.7% of all morpho-
logically intact PY79 cells stained with Sytox and increased to
19.8% in the PY79, Aspo0A strain (ST Appendix, Table S2). These
results confirm our initial hypothesis that the 4350 m/z ion, due to
the overlap with the decreased growth phenotype of Aspofi4 in the
coculture of Aspolld with PY79, is the major cannibalistic factor.
Furthermore, the data indicate that SDP does not rapidly lyse all of
the Spo0A-OFF cells and that a subpopulation of Aspo04 cells
remains viable even after several hours of treatment, suggesting an
additional degree of multicellular behavior in a population of ge-
petically identical B. subtilis cells.

P, .. Skf AsdpABCIR
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Fig. 4. Spot assays to compare the effect of exogenously
supplied and endogenously produced SDP and SKF. Lawns of
indicated strains were prepared in top agar. After solidifi-
cation, the lawns were spotted with either (4) purified SDF,
SKF, and DMSQ or (B,C) the indicated strains that overexpress
or lack SDP and SKF.

Dual Nature of SKF- and SDP-Mediated Killing of Sister Cells. Having
failed to detect any biological affect of purified SKF using the
above liquid culture assays, we wanted to evaluate the ability of
SKF and SDP to work independently on solid media. To assess
this, we set out to determine whether purified SDP or SKF
inhibited the growth of Aspe04 on solid media. Spotting 2 pg SDP
resulted in alarge zone of decreased growth, and 2 pg SKF resulted
in a smaller zone in which the lawn appeared somewhat thinner,
whereas the control 10% DMSO did not have an effect on the
growth (Fig. 44). This indicates that both SDP and SKF reduce the
growth of B. subtilis on solid media, although purified SDP has
a much stronger effect than SKF.
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Fig. 5. Biological activity of SDP on clinically relevant human pathogens. (4)
SDP inhibition curves for pathogenic microbes. Relative growth of P. aerugi-
nosa, K. pneumoniae, B. subtifis strains KP648 (Aspo0A), and PY79, S. aureus
Newman strain, a clinical isolate of methicillin-resistant S. aureus, and
S. epidermidis with the presence of increasing concentrations of SDP is shown
in the curve. {B) Fluorescence micrograph showing growing cells of S. epi-
dermidis treated with DMSO or 20 pg/mL SDP in DMSO for the time indicated
and stained with FM 4-64 (red), DAPI (blue), and Sytox {green), as in Fig. 3.



We next sought to determine whether SDP and SKF produced
independent killng effects of similar magnitude when over-
produced on solid medium. To do so, we used a spot assay in which
PYTS, Aspotid, Asky, Asdp, and SKE- or SDP-overexpressing straing
are spotted on B. subsfis lawns. When P'Y79 was spotted on the
Aspolld lawn, a large zone of dlearing was observed (Fig. 48), as
previouslyreported (6). This phenomenon is mostly dependent on
SDP, as the inhibitory effect was still observed with a Asff strainbut
was abolished when sdpdBC genes were deleted or not induced
{Fig. 4B). We next overexpressed SKF in an sdpABCIR deletion
background to eliminate the effect of SDP (Prupusif, AsdpAB-
CIR), and observed a killing effect toward lawns of PY79, Askf and
tupofid (Fig. 4C). These results indicate that although most of the
killing effect of PY7T9 on a Aspoitd lawn is mediated by SDP rather
than SKF, overexpression of the skf operon still mediates a killing
activity, Thus, either SKF or SDP can independently mediate
cannibalism on solid culture medium, but SDP is much more po-
tent than SKF.

SDP but Mot SKF Has Antibacterial Activities Against Pathogens. The
above results indicate that both SKF and SDP mediate cannibal-
istic effects. We therefore set out to determine whether these two
molecules would also display activity against human pathogens by
screening purified SKF and SDP for inhibitory activity against
a panel of pathogenic microbes (including B. subrifis strains PY79
and its Aspoft4 derivative for comparison). We nused a growth assay
that measures differences in cell density compared with untreated
controls. This screen revealed that SKF had no effect on growth,
whereas SDP decreased cell density of members of the Gram-
positive genus Staphylococcus to a greater extent than B. subalis,
but it did not affect the tested Gram-negative pathogens Pseudo-
monas aernuginose or Klebsielle pneumoniae (Fig. 34). SDP
exhibited potent inhibitory activity against two S. aurens variants,
the Newman strain used extensively i laboratory studies of S.
anrens virlence, as well as a clinfcal isolate of methicillin-resistant
8. aureus (MRSA) sequence type ST39. The [Csp against these
&. aureus strains were 210 and 110 nM, respectively, slightly more
active than the leading contemporary pharmacological agent for
treatment of MRSA mfection, vancomycin (ICsy 360, 270 nM,
respectively). SDP also inhibited growth of 8. epidermidis, an op-
portrmistic pathogen associated with nosocomial infections of
catheters and the urinary tract and ivasive infections in human
prematute neonates (ICsy 590 nM). SDP has a relatively simple
chemical structure, and might therefore provide zn antibiotic
candidate for foture development of derivatives with smaller size
and optimized activity against MRSA and closely related species.

I[n surnmaty, this paper highlights the need for the development
of new technologies to study and discover biologically active mol-
ecules, a cornerstone of chemical biology as well as therapentic
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discovery (20). Thin-layer agar MAILDI-IMS of cocultures of bac-
terial colonies enabled the discovery, isolation, and structural elu-
cidation of two biologically active factors, SKF and SDP, one of
which was cyclized and uniquely posttranslationally modified with
athioether linkage to the a-position of a methionine. MATDI-IMS
can also be nsed to predict the function of metabolites. In this study,
we observed an overlap of SDP extending from the cocultured strain
PY79 with the region of Aspoitd that was inhibited, enabling us to
formulate a hypothesis that SDP, but not SKF, was the main can-
nibalistic factor. Indeed, when we tested the biological activities of
the purified compounds, only SDP showed inhibitory activity in
ligquid cultures. On the other hand, both SDP and SKF mediated
inthibition on solid cultires when overexpressed in whole cells grown
on solid medium or when the purified compounds were spotted onto
solid media, However, SKF, was much less potent than SDP, and
our data indicate that SDP is the primary toxin that mediates can-
nibalism. Finally, screening both SKF and SDP for therr amtibac-
terial activities allowed us to demonstrate that SDP, but not SKF,
inhibits growth of Staphyiococci to a greater extent than it inhibits B.
subtfis growth., This suggests that SDP also participates in defensive
or predatory behavior directed at other species (14, 15), as well as
cannibalism (6). The fact that SDP inhibited clinically relevant
pathogens also demonstrates a unique application of studying
metabolic exchange by IMS in the discovery of biologically active
molecules, and therefare represents that IMS can be used as a tool
in efforts to discover new classes of therapentic agents.

Metheds

Structural elucidation of SKF and SDP, as well as the annotation of SKF
hiosynthetic gene cluster, are descried in S Appendix, Sf Text. Details re-
garding strains, culture conditions, oassays are provided In Sf Appendix,
5i Methods. The procedures used in thin-layer agar MALDI IMS, purification
of SKF and SDP, SKF derivatization, MS, NMR, and fluorescence microscopy
are also detailed in 8§ Appendix, 5 Methods.
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A. Supporting text
Structural elucidation of SDP and SKF

The purified SDP was subjected to high resolution Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) to obtain a monoisotopic mass m/z 4311.209 [M+H]" (Fig. S3), and this mass
matched Cys'"!-Ser'™ of SdpC-2.016 Da, indicating the likely presence of a disulfide crosslink. The
fragmentation by collision-induced dissociation (CID) and FT-ICR MS analysis confirmed the sequence with a
disulfide crosslink localized to residues Cys'"! and Cys'" (Fig. 2, Fig. S5, Table S4). The N-terminal boundary
of SDP is in agreement with the N-terminal Edman amino acid sequencing previously performed on SDP (1).

Purified SKF was also analyzed by high-resolution mass spectrometry and found to have a mass of
2781.302 Da (Fig. S3). This mass could not be readily matched to the C- or N-terminal portions of the 55 amino
acid protein precursor SkfA (1). When purified SKF was subjected to high-resolution tandem mass spectrometry,
the sequence tag WASKSI was obtained (Fig. S84, Fig. S$9). To define the number of amino acids that were
involved in the mature SKF metabolite, a °N feeding experiment was performed. The feeding experiment with
98% pure [ISN]ammonium chloride resulted in a 36 Da increase in mass, indicating that SKF contained 36
nitrogen atoms which matched to the number of nitrogens in the last 26 amino acids of the SkfA sequence,
CMGCWASKSIAMTRVCAILPHPAMRALI (Fig. S8B). The calculated mass of this peptide is 2803.340, and
therefore, the mature form of SkfA is 22.038 Da less than that expected from the intact peptide sequence. The
absence of observable y ions provided an indication that SKF may be cyclic (2). We postulated that SKF was
cyclic accounting for 18.011 of the 22.038 Da mass differences. The remaining 4.027 Da difference between the
parent SkfA peptide and the cyclized precursor could be explained by two crosslinks, possibly a disulfide and a
thioether.

To confirm that SKF was indeed cyclic, all thiols were replaced with a proton using a reductive
dethiolation reaction composed of NiCl, and NaBH, (Fig. S10) (3). Subjecting SKF to this reactionresulted in
an ion with a mass of 2551.444 Da. Tandem mass spectrometry by collision induced dissociation (CID)
confirmed the sequence to the 26 amino acids on the C-terminal end of SkfA as well as a cyclic head-to-tail
linkage between isoleucine and cysteine. The calculated mass of this molecule is 2551.450. To define the
connection of the thioether linkage, the reductive dethiolation was repeated but with deuterated solvents and
NiCl,/NaBDy and resulted in a species with mass of 2558.491, 7.041 Da larger compared to the product resulted
from NiCly/NaBH, reaction, suggesting 7 thiol connections. Six deuteriums were introduced from the
replacement of three methionine and three cysteine side chains with deuterons while the remaining deuterium
was introduced at the site of the thioether linkage (Fig. S11A4). Therefore, it became possible to map out the
position of the thioether linkage by locating this extra deuterium that gave rise to the 1 Da mass shift. To map

the thioether linkage, multiple stages of tandem mass spectrometry were obtained on the deuterated dethiolated
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SKF. To find the position of the additional deuterium, a mass list with manually deconvoluted fragment ions
was analyzed by an algorithm NRP-comparative dereplication (4) against the theoretical structure of SKF with a
deuterium labeled on each desulfurized position (Fig. S114). NRP-dereplication matched the MS fragments
with the structure and Met" had the lTowest score indicated the strongest correlation of the 1 Da increase
between the observed ions in the tandem mass spectrometry experiment when compared to the theoretically
predicted ions of the deuterated dethiolated SKF template (Fig. S8C and Fig. S11B). Guided by the
NPR-dereplication result, manual annotation was performed, again verifying the extra deuterium on Met'? (Fig.
S11C and Table S5, S6).

The position of the disulfide bond was determined by reduction, iodoacetamide alkylation and tandem
mass spectrometry. Reduction and alkylation of SKF resulted in a mass increase of 116.061 Da, in agreement
with two free thiols (Fig. $10). Via tandem mass spectrometry, the alkylated residues were found to be Cys! and
Cys'®, positioning the disulfide between these two cysteines. Even though the tandem mass spectrometry of the
desulfurized SKF indicated that the thioether linkage is connected to the methionine, it did not provide
regiochenical information to which carbon of Met'? that Cys* was connected. To determine the regiospecificity
of the tetrahedral linkage, we resorted to nuclear magnetic resonance (NMRY) spectroscopy (Figs. S12 and Table
S7). To determine the relevant proton signals, the NMR signal that corresponded to the methionine involved in
the thioether cross-link needed to be identified. To find the modified methionine with an absent proton, a '"H-"H
total correlation spectroscopy (TOCSY) was obtained first. From the TOCSY, one set of methionine correlations
lacking an a-proton was observed, and suggested that the linkage of Cys* to Met'” is via the a-carbon of the
latter residue (Fig. S12B and C). An d-connection would result in a B-chemical shift at this a-carbon of about
70 ppm while a B-connection would result in *C-chemical shift of 40-50 ppm (3). The *C-chemical shift
information was obtained indirectly by heteronuclear multiple bond correlation (HMBC) (Fig. S8D and FE, Fig.
S12D), because of the small quantities of pure SKF available. The same methionine that was missing the proton
in the TOCSY was scrutinized in the HMBC spectrum. In the HMBC, in agreement with the findings by
TOCSY, there was no evidence of an a-proton in Met'?; however, the B-proton possessed long range
correlations between the B-protons and two quaternary carbons, located at 6 67.9 and 180.7 (Fig. S8D and E),
and thus consistent with a thioether bridge connecting to the a-carbon of Met'2. A post-translational

modification of a cysteine to the a-carbon of methionine has not been previously reported (5).

The functional annotation of the skf biosynthetic operon.
Based on the structure of SKF, it is now possible to propose the role of each gene on the skf operon
involved in SKF biosynthesis. The skf operon was previously predicted to contain a stop codon due to

sequencing errors in the original genome that resulted in an incorrect open reading frame assignment for skfC
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and skfD (1). Thus, skfC and skfD> are in fact a single open reading frame, and therefore we have omitted the
designation skfD. Therefore the skf operon has seven genes, skfABCEFGH (Fig. S13). SkfA is a prepropeptide
that is post-translationally modified to the mature SKF (1). SkfB belongs to the radical SAM superfamily that
includes genes such as albA, lipA, bioB, which are involved in the biosynthesis of C-S linkages in subtilosin,
lipoic acid, and biotin, respectively (Fig. S144) (3, 6-8). We propose that SkfB is responsible for the C-S
linkage of Cys* to the a-carbon of Met'? similar to the proposed reaction catalyzed by AIbA on the subtilosin
pathway (3, 9). SKfC belongs to the CaaX family of proteases (Fig. S14B) which, in eukaryotes, are responsible
for the proteolysis of C-terminal prenylated cysteines (10). Since this is the only protease candidate on the skf
gene cluster, we propose it is involved in the cyclization reaction, which would represent a new function for a
CaaX family member of proteins. SkfE is homologous to the cytoplasmic ATPase domain of ABC transporters,
while SKfF is a polytopic membrane protein; both are predicted to be involved in the export and immunity of
SKF (1). SkfG showed homology to several HEAT-repeat containing proteins, although the role of SkfG
remains unclear. SkfH is a thioredoxin-oxidoreductase like protein and may be involved in the generation of the
disulfide bond analogous to the proposed function of the oxidoreductase on the sublancin 168 biosynthetic

pathway (Fig. S14C) (11).

B. Supplementary Methods

Strains used in this study

Bacillus Genotype Background Source — Ref.
3610 Prototroph S. Branda — 12
PY79 Prototrophic derivative of B. subtilis 168 K. Pogliano — 13
KP648 AspoOA.: :erm PY79 K. Pogliano — 14,1
ATLB1035 AspoOA::erm 3610 This study
EG208 Pypacny-sSkfABCDEFGH(kan) PY79 R. Losick — 1
EG165 AskfA::spe PY79 R. Losick — 1
EH273 sdpABC::kan PY79 R. Losick — 16
ALB1046 Askf::cat PY79 This study
ALB1085 Pyacny-SkABCDEFGH(kan), AsdpABIC: :tet PY79 This study
CDE1160 amyE::Popse py-sdpC(spec), sdpC::tet, Pspoeny-sdpAB{cat) PYT9 This study

Thin-layer agar MALDI-IMS

Sample preparation for thin-layer agar MAILDI-IMS experiments was performed using a modified method
adjusted from reference 17. 0.2-1 uL. of bacterial overnight cultures grown in I.B media were spotted on 100
0.D. x 25 mm Petri dishes (Fisherbrand) containing ISP2 solid agar. For testing individual cultures in isolation,
strains were spotted at the center of Petri dishes; for the PY79 and Aspo0A co-culturing experiment, both strains
were spotted on the same plate with a distance between spots of 0.75 cm. The Petri dishes were sealed with

parafilm and incubated for 2-4 days as indicated. After culturing, a rectangular section containing the colonies
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was transferred to a MALDI target plate. It is critical to avoid any air bubbles because it will cause the agar to
peel off during the IMS process. After taking a photograph, a 1:1 mixture of a-cyano-4-hydroxycinnamic acid
and 2,5-dihydroxybenzoic acid was sprinkled on top of the culture using a 20 pm sieve method (17, 18), and
was dried in a 37 °C oven for three hours. The detailed instrument parameters for collecting image data were
described in reference 17. Briefly, the sample was subjected to Bruker microflex MALDI-TOF MS for imaging

MS acquisition and the data was analyzed using the FlexImaging 2.0 software.

Purification of SKF and SDP

PY79 was cultured on approximately 1000 IPS2 agar plates and cultured at 28 °C for 2 days. The bacteria were
scraped from agar plates and then re-suspended in milli-Q water. Equal amount of »-BuOH was used to extract
SKF and SDP from aqueous layer. The crude »-BuOH extract was lyophilized, re-dissolved and then eluted via
Sephadex LH-20 column using isopropanol/MeOH = 1:9. Each fraction was analyzed by MALDI MS and the
fractions containing signals m/z 2782 or m/z 4312 were collected into two separate tubes. The two tubes that
contained crude SKF or SDP, respectively, were purified subsequently by HPLC (C-18, 250 x 4.6 mm) running
a gradient from 25% solvent A to 70% solvent A in 60 minutes with flow rate 1ml/min. Solvent A is
isopropanol/MeCN = 7:3 containing 0.1% TFA; solvent B is 0.1% TFA (aq). SKF and SDP were eluted at 14,
and 34.5 min, respectively (Fig. S3). Purified SKF and SDP were lyophilized and stored at -80°C before using
for bioassay and structural elucidation. The yield for SKF and SDP was ~ 0.5 pug each per plate.

SKF derivatization

Dethiolated SKF was prepared by dissolving 1 pg of SKF with 1.5 pg NaBH4/NaBDy and 1.5 pg NiCly in 6.25
uL of 60% MeOH/MeOD. This reaction was incubated at 50 °C, and an additional 1.5 pg of NaBH4/NaBDy and
NiCl, were added into the reaction 5 and 10 minutes after initiation of the reaction to ensure complete
conversion of SKF into dethiolated SKE. The mixture was then centrifuged for 1 min at 14500 rpm to remove
the insoluble particles and then purified by HPLC using an Agilent Eclipse XDB-C18 column running MeCN
gradients or by C18 ZipTip (Millipore) following the manufacturer’s protocol prior to MS analysis.

For disulfide bond reduction, 1 pg SKF was dissolved in 40 mM ammonium bicarbonate buffer, pH 8.0,
containing 10% MeCN. TCEP was added to reach a final concentration of 20 mM and incubated at 85 °C for
1hr. To prevent the free thiols from reforming disulfide bond, iodoacetamide was used to cap the cysteine thio
group. To accomplish this, 50 mM Tris buffer, pH 7.4 was added to TCEP treated SKF solution to a final
concentration of 1 mM to bring up the pH to neutral (checked by pH paper). 5 ug of iodoacetamide powder was

directly added into the reaction mixture and allowed to react at RT for 5 min followed by quenching with an
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equal volume of 10% formic acid.

General MS procedure for the characterization of SKF

For the MS data acquisition, each compound was dissolved in spray solvent 50:50 MeOH/H,O containing 1%

formic acid, and underwent nanoelectrospray ionization on a biversa nanomate (Advion Biosystems, Ithaca, NY)
using a back pressure of 0.3-0.5 p.s.i. and the spray voltage of 1.4 -1.5 kV. MS spectra were acquired on a 6.42

T Finnigan LTQ-FTICR MS or a Finnigan L.TQ-MS (Thermo-FElectron Corporation, San Jose, CA) running

Tune Plus software version 1.0 and Xcalibur software version 1.4 SR1. The instrument was first autotuned on

the m/z value of the ion to be fragmented. Then, the ions were isolated by the linear ion trap and fragmented by

collision induced dissociation (CID) (isolation window: 3-10 mv/z; collision energy: 30).

NMR measurement of SKF

400 pg SKF was dissolved in 40 ul. of CDsOD for NMR data acquisition. NMR spectra were recorded on
Bruker Avance III 600 MHz NMR with 1.7 mm Micro-CryoProbe at 300 K, with standard pulse sequences
provided by Bruker. 2D TOCSY spectra were recorded with mixing times of 90 ms. 2D 'H-"C HMBC spectra
were recorded with 27 or °J pc coupling constants at 7 Hz, 2D 'H-*C HSQC spectra were recorded with Y

coupling constants at 145 Hz.

Effect of SKF and SDP on B subtilis cell growth curve

The effect of SKF and SDP on B. subtilis cell growth was performed using 96 well microtiter plates. A2 mL
overnight culture in LB media was centrifuged at 6000g for 10 minutes and supernatants discarded. The cell
pellets were resuspended using 2 ml. of ISP2 media. ODsosof the resuspended cells were measured (ELx808
Ultra Microplate Reader, Bio-TEK Instruments), and the final ODsgs was adjusted to 0.03 with ISP2 media. 100
uL diluted culture with indicated working concentrations of SKF or SDP were aliquoted into each well. The
plate was shaken at 37°C, 120 rpm. ODses were measured and recorded at each time point. To evaluate the effect
of SDP on an exponentially growing culture, SDP was added at 3 or 6 hours to a final concentration of 20

ug/ml, and the ODsys was measured at each time point.

Fluorescence microscopy

The effects of SDP on individual B. subrilis cells were investigated in 15 pL cultures prepared in the following
manner. Cultures were grown in LB media to an ODsg of 0.3, centrifuged, resuspended in 1/10 the volume and
14.25 ul. of concentrated cells were added to 1.7 ml. microcentrifuge tubes. Att =0, 0.75 uL. of 10% DMSO or
400 pg/mL SDP (in 10% DMSO) was added to different aliquots of cells. The tubes were capped and incubated
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at 37°C in a roller. Samples were collected for imaging every 30 minutes. 2 pl. of cells were added to 0.5 uL. of
a stain mix containing 30 ug/mL FM 4-64, 2.5 uM Sytox Green and 1 ug/ml. DAPI prepared in 1X T-base.
Cells were immobilized with Poly-L-Lysine and imaged on an Applied Precision Spectris Microscope (19).
Images were deconvoluted and the medial focal planes shown. Time-lapse imaging showing the formation of
membrane tubules and projections was performed on these slides, collecting images of cell membranes every 3

seconds for 1 minute.

Quantification of the amount of cellular lysis was performed by determining the percent cells showing clearly
discontinuous membranes and increased permeability to Sytox Green relative to the number of intact cells. This
data showed that the 3610 strain, both with and without the Aspe0A mutation (ALB1035) showed the most
rapid onset of cell lysis (first evident at t = 60 minutes) and the highest frequency of lysis. The strains in PY79
background were affected more slowly and in a lower percent of cells. We did not score later time points in this
manner, because the extensive cell lysis made it impossible to determine the percent cell lysis, since it was

unclear how many cells produced the debris.

Spot assay

Lawns were created by mixing 50 ul exponentially growing cells (ODgsoo = 0.4-0.6) with 3.5 ml 0.35% LB agar
and pouring the mixture onto LB plates. When indicated, IPTG was added to a final concentration of 1 mM. After
the top agar solidified, 5 ul of exponentially growing cells or purified compounds were spotted on top of the lawn

and allowed to dry. The plates were then incubated overnight at 30°C.

Screen of antibacterial activities against pathogens

The activities of SDP and SKF were tested in a microtiter based screen for growth inhibitory activity against a
variety of Gram-positive and Gram-negative bacterial species. Then, the ICs, of these compounds was assessed
against a smaller set of representative organisms. For this assessment, SDP was tested against three organisms
whose growth it inhibited, methicillin-resistant Staphylococcus aureus (MRSA) sequence type 59 (ST359), S.
aures Newman, Staphylococcus epidermidis (ATCC35984), and two that were unaffected, Klebsiella
preumoniae (ATCCT00603) and Pseudomonas aeruginosa (ATCC 10145). SKF had no effect in the microtiter
assay for any species and the MIC assay was performed with S. aureus MRSA ST59, K. pneumoniae
(ATCCT00603 and ATCC 35657), Burkholderia cepacia (ATCC 17765) and Escherichia coli (ATCC 25922).

ICsy assays were performed by a microbroth dilution assay. The overnight culture of the tested strain was
diluted 1:200 in cation-adjusted Mueller-Hinton broth (MHB, Hardy Diagnostics, Santa Maria, CA) and grown

with shaking at 37°C to mid-logarithmic phase after which they were centrifuged and pellets were resuspended
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in phosphate-buffered saline to an ODsoo of 0.4 — 0.5. Prior to the addition of this pre-culture, 96-well
polystyrene test plates (Costar® #3288, Corning, NY) containing duplicate samples of serially diluted test
compounds, SDP or SKF, and appropriate antibiotic controls were prepared in CAMHB. Bacteria were added to
the test plate to a final concentration of 5x10° CFU/ml in a volume of 80 ul/well. The control antibiotics
included vancomycin (Hospira, Lake Forest, IL, USA) for Staphylococcal strains, ciprofloxacin (Fluka,
Sigma-Adlrich) for Pseudomonas aeruginosa and sulfamethoxazole, trimethoprim (SMX-TMP Sicor
™ Trvine, CA) for K. pneumoniae and E. coli strains. Following the addition of bacteria, test plates were
incubated at 37°C in a shaking incubator for 20 - 22h. Finally the plates were assessed for bacterial growth by
the presence of turbidity at ODsgo. The absorbance at each tested concentration were normalized to the negative
control (absence of test compound) to determine relative growth at a given concentration of SDP or SKE The

ICsq values of SDP were determined from this data.
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C. Supplementary Figures

Supplementary Fig. 1.

the AspoOA colony.

PY79 inhibits AspofA (KP648) strain. The arrows (A) indicate the glassy region in
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Surfactin Plipastatin SKF Subtilosin SDP
Photography  (1075) (1545) (2782) (3438) (4350) Merge

EG208
+IPTG §

EG208
-1PTG |

PY79

EG165 §

3610

KP648

EH273

Supplementary Fig. 2. Metabolic profile of the strains used in this study. Strains were inoculated on an ISP2
agar plate and allowed to grow for 96 hours at room temperature and subjected to thin-layer agar IMS. The
number labeled below each metabolite is the representative ion observed (m/z). m/z 1045, 1545, 3438 and 4350
are potassium adduct form [M+K]". For brief genotype description, 3610 is a wild type strain; PY79 is a
laboratory domesticated wild type; EG208 contains the skf gene cluster under control of an IPTG inducible
promoter; EG165, KP648, EH273 are skfA, spo0A, sdpABC deletion strains, respectively. All four mutants are
constructed under PY 79 background. The ion intensity was reflected by the intensity of colors. Each column of
ions was displayed using same intensity scale optimized per each metabolite. The scale range in normalized
relative ion intensity for each ion was specified in FlexImaging 2.0 (Bruker) as follows: surfactin 10%-100%;

plipastatin 10-80%; SKF 30-60%; subtilosin 20-60%; SDP 1-30%.
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Supplementary Fig. 3. SKF and SDP purification. a, b) Crude SKF and SDP fractions obtained from an
initial separations using Sephadex LH-20 column were further purified by HPLC (solvent system and gradients
were specified in Supplementary methods). UV 230 nm was used to detect SKF and SDP. SKF and SDP were
eluted at 14, and 34.5 min, respectively. ¢) MALDI-TOF MS spectrum of purified SKE. d) MALDI-TOF MS
spectrum of purified SDP. e) FI-ICR MS spectrum of purified SKF. f) FI-ICR MS spectrum of purified SDP.
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Supplementary Fig. 4. Intact cell MALDI TOF/TOF spectrum. a) Intact cell MALDI TOF/TOF spectrum of
ion at m/z 4312, The corresponding ion table is showed in Supplementary Table 1. b) Intact cell MALDI
TOF/TOF spectrum of ion at m/z 2782. The observed sequence tag that matched to SkfA is shown.



a)

52

atgaaaagtaaattacttaggctattgattgtttceccatggtaacgatattggtttttteca
ttagtaggactctctaaggagtcaagtacatctgectaaagaaaaccatacattttctgga
gaagattactttagaggacttttatttggacaaggggaagttggtaaattaatttcaaac
gatttggaccctaaactegtaaaagaggcaaatagtacagaaggtaaaaagttagtaaat
gatgtagtcaaatttataaaaaaagatcaaccacaatatatggatgaattgaaacaateg
attgacagcaaagaccctaaaaaactcattgaaaatatgaccaaagcagaccaacttatc
caaaaatatgctaagaaaaatgaaaacgtaaaatactcttctaataaagttactccatcet
tgtgggctttatgeecgtetgtgtagecagetggatatttatatgttgtgggegttaacgea
gttgcattacaaacggctgccgecagtaacaactgcagtgtggaaatacgttgeccaaatat
tecectettecagettetaataattctgatttagaageggetgetgcaaaaacectaaaattyg

attcatcaataa

b)

10 20 30 40 50

MKSKLLRLLI VSMVTILVES LVGLSKESST SAKENHTESG EDYEFRGLLEG

70 80 20 100 110

DLDPEKLVKEA NSTEGKKLVN DVVKEIKKDQ POYMDELKQS IDSKDPKKLI

130 140 150 160 170

QKYAKKNENV KYSSNKVIPS CGLYAVCVAA GYLYVVGVNA VALOTAAAVT
190 200

SSSASNNSDL EAAAAKTLKL IHQ

Supplementary Fig. 5. a) sdpC gene sequence. b) SdpC protein sequence.

yellow. A disulfide bridge exists between C**! and €7,

60
OGEVGKLISN
120
ENMTKADQLI
180
TAVWKYVAKY

Mature SDP is highlighted in
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Supplementary Fig. 6. The effects of SDP and SKF on growth of B. subtilis strains in ISP2 media. The
overnight culture was diluted into ISP2 media to ODses 0.03, and SKF or SDP were added into 100 pL of
diluted cultures to a final concentration of 20 ug/mL. The plate was shaken at 37 °C, 120 rpm. The ODsgs was

measured at each time point.
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Supplementary Fig. 7. Time course of B. subtilis wildtype and mutant strains collected by intact cell

MALDI-TOF MS (20, 21). Each strain was allowed to grow on ISP2 solid agar for 24, 34, 48 and 58 hours at

28 °C. Each spectrum shown is an average of 200 single spectra. EG165 and KP648 are skfA or spo0A gene

deletion strains, respectively. The metabolic outputs for 96 hours cultures are shown in Supplementary Fig. 2.
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Supplementary Fig. 8. The structural characterization of SKF. (a) The SkfA sequence. V¥ indicates a

protease cleavage site. The sequence tags observed by tandem mass spectrometry generated by FT-ICR MS/MS

(red) and MALDI TOF/TOF (blue) are highlighted. (b) The MALDI-TOF analysis of SKF from cells grown in

BN-media. (¢) Comparative dereplication of deuterated-dethiolated SKF. (d) A schematic representation of the

"H-"C long range correlations and 'H-'H TOCSY correlations of the modified methionine and neighbor

residues in SKE. (e) The 'H-""C HMBC spectrum of SKF showing the important "*C-chemical shift supporting

the a-connection to the methionine. The full TOCSY and HMBC spectra and tables of the observed chemical

shifts are provided in the supporting information.
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Supplementary Fig. 9. FT MS/MS spectrum of ion m/z 928.60 (2+ charge state). The observed mass

difference and isotope profiles of each ion (2+ charge state) are shown.
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Supplementary Fig. 11. Comparative dereplication of SKF. a) SKF template used for comparative
dereplication. Under NaBD4/NiCl, dethiolation reaction, seven deuteriums were obtained. Six deuteriums can
be predicted to be introduced from the replacement of three methionine and three cysteine side chains (red color
labeled), whereas the remaining deuterium is introduced at the site of the thioether linkage. This template and
the dethiolated SKF MS/MS spectrum were subjected to NPR-dereplication algorithm to compute for
correlation. The least correlated residue indicates the location of the extra deuterium which allows to infer the
location of thioether linkage. b) Comparative dereplication suggested thioether linkage on Met. Each
semicircle represents an annotated peak in the MS spectrum. Peaks with multiple annotations split their count
equally among the repeats. Inner numbers are the count/score of the supporting peaks for the conservation of the
given amino acid. Amino acid codes have an extra index number to disambiguate repeated amino acids by their
position. Methionine'” has the lowest score indicating it bears the exira deuterium. ¢) Summary of fragments
observed by CID fragmentation of deuterated dethiolated SKF. Incorporated deuteriums were labeled on
structure with D (in red). Each number labeled inner the chemical structure is the mass of observed fragment
with semi-circle representing the sequence. Associated number in parenthesis represents the number of
deuterium within certain fragment. Each residue was labeled with one letter amino acid code as well as
corresponding masses showed outside the chemical structure. Ions observed in MS? were showed in black color.
Further supporting ions observed from MS® spectrum of ion sz 883 were shown in blue and ions observed
from MS® spectrum of ion m/z 881 were shown in purple. The corresponding ion tables are showed in

Supplementary Tables 5 and 6.
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Supplementary Fig. 12. NMR spectra of SKF. a) 'H NMR spectrum of SKE. The spectrum was observed in
CDs0D, 600 MHz. The detailed annotations were listed in Supplementary Table 6. b, c) 'H-'"H TOCSY
spectra and annotations of SKE The spectrum was observed in CD;0OD, 600 MHz, with mixing time = 90 ms.

subfigure b is a full spectrum whereas subfigure ¢ is a zoom in spectrum as well as annotations. d) 'H-"*C
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HMBC spectrum of SKE. The spectrum was observed in CD;0D, 600 MHz, with **Jimnsc = 7 Hz. Full ‘H-"C
HMBC spectrum is shown. The annotations for critical signals supporting modified methionine are displayed in
Fig 2¢e. e) Ig-Be HSQC spectrum of SKE. The spectrum was observed in CD;0D, 600 MHz, with IJIH/BC =
145 Hz. 'H-C HSQC spectrum was collected to assist in HMBC spectrum annotation.
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Supplementary Fig. 14. Multiple sequence alignment of SkfB, SkfC, and SkfH. a) Multiple sequence

alignment of SkfB. SkfB belongs to radical SAM superfamily, along with some well-known proteins such as
LAM, PFL, BioB, LipA. All members of this family show a conserved motif of CXXXCXXC (marked by ¥)

which act to coordinate the iron in [4Fe-4S] cluster. b) Multiple sequence alignment of SkfC. Three conserved

motifs are showed. The first motif contains two adjacent glutamic acid usually follows by a highly conserved
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arginine spaced by three resides. The first Glu in motifl as well as the two histidines are thought to involve in
zinc binding whereas the second Glu is responsible for catalytic activity. ¢) Multiple sequence alignment of
SkfH. SkfH homologs to thioredoxin showed a characteristic CXXC motif. Only the highly conserved regions
are displayed due to the length variation of each protein. Alignment was done by kalign (22) using default

settings. Only the highly conserved regions are displayed due to the length variation of each protein.



D. Supplementary Tables

Supplementary Table 1. Annotation of ion m/z 4312.6 intact cell MALDI TOF/TOF MS spectra.
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Error Error
Seq. Ton Calc. mass Obs. Ton Obs. Mass (Da) | Seq. Ton  Calc. mass Obs. Ton Obs. Mass  (Da)
C* y42  4311.2111 A y21  2228.1841  2229.0198  2228.0125 0.17
G y4l  4210.2176 L y20  2157.1470  2158.7219  2157.7146  0.57
L y40  4153.1961 Q yl9 2044.0629 20457079  2044.7006  0.64
Y y39  4040.1121 T yl8 1916.0043  1916.7095  1915.7022 0.30
A y38  3877.0487 A yl7 1814.9567 1815.6859  1814.6786  0.28
v y37  3806.0116 A yle6 17439195 1745.5134  1744.5061  0.59
C* y36  3706.9432 A yl5 1672.8824  1673.5553 1672.5480 0.33
A\ y35 3603.9340  3605.5808 3604.5735  0.64 V  yld 1601.8453  1602.4382  1601.4309 041
A y34 3504.8656  3506.2117  3505.2044  0.34 T y13  1502.7769  1503.3473  1502.3400 0.44
A y33  3433.8285 34356174 3434.6101 0.78 T yl2  1401.7292  1403.2509  1402.2436  0.51
G y32 3362.7914  3365.7439  3364.7366 1.95 A yll 1300.6816  1302.3075  1301.3002 0.62
Y y31 3305.7699  3307.0168  3306.0095 0.24 VvV  yl0 1229.6444  1231.4102 12304029 0.76
L y30 3142.7066  3143.8500 3142.8427 0.14 W ¥9 1130.5760  1131.1478  1130.1405 -0.44
Y y29  3029.6226  3032.2168  3031.2095 1.59 K ¥8 944 4967 946.0443 945.0370 0.54
v y28  2866.5592  2867.4478  2860.4405  0.12 A\ ¥7 816.4018
v y27 27674908 27682283  2767.2210  0.27 Y ¥6 653.3384
G y26 20684224  2669.2111  2668.2038  0.22 A ¥5 554.2700
A\ y25 26114009 26133098  2612.3025 0.90 K v4 483.2329
N y24 25123325  2514.1226  2513.1153  0.78 Y v3 355.1380
A y23  2398.2896 23999397 2398.9324  0.64 S y2 192.0746
\ y22  2327.2525 2328.8513  2327.8440  0.59 S y1 105.0426




Supplementary Table 2. Sytox Green cell permeability over time of SDP treatment.

Average Percent Permeabilized Cells' +SD*
(# of cells scored in each experiment)
Timepoint 3610° ALB1035° PY79 KP648
1.9% 0% 0.6% 0.3%
30 min DMSO
(313) (11D (353) (292)
1.1% 0.7% 0.8%=+0.3% 1.1%=+0.1%
60 min DMSO
(379) {153) {186,313 318,260) (284,437)
2.7% 0.3% 0.5%x0.5% 0.6%+0.4%
90 min DMSO
(33D (337 (247,320,326,435) (326,350)
0.3% 0% 0.5%=0.5 1.2%+1.6%
120 min DMSO
(290) (265) (166,329,365,321) (225,300)
10.3% 1.3% 0.6% 2.4%
3¢ min SDP
(339) (156) (174) (252)
4.7% 7.5% 4.2%+2.9% 3.5%+1.5%
60 min SDP
(342 (308) (224,250,313,215) (309,367)
28.0% 16.3% 7.5%+2.2% 13.6%+15.1%
9¢ min SDP
(336) (1295) {271,375,290,304) (274,305)
32.8% 34.3% 13.7%+1.5% 19.8%+5.8%
120 min SDP
(344) 507 (134,248,203,307) (301,255

'The percentage of permeabilized cells for individual experiments were calculated and then averaged to
generate the average percent permeabilized cells. Cell debris was not scored unless it clearly was derived
from a single cell. Membrane spheres and tubules were not counted as cells.

*The standard deviation was calculated based on the percent permeabilized cells in repeated experiments
*Experiments on these strains were performed once, so no standard deviation is available



Supplementary Table 3. Membrane staining irregularities in strain 3610 after 120 minutes of SDP

treatment.
Cell type % cells (# scored)
Intact cells' 64% (314)
Irregular membrane 29% (140)
Clear gaps in membrane 7% (36)
Tubules 5% (27
Spheres 5% (26)"

mcludes permeabilized cells that had no obvious membrane deformation.
*Membrane tubules and spheres are subcellular particles, so the scoring indicates the frequency

with which such structures were observed relative to the total number of cells scored.
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Supplementary Table 4. Annotations of SDP FT MS/MS spectrum. Errors are in ppm.

Seq. | Jon  Calc. mass Obs. ion Obs.mass  Error | JTon  Calc. mass Obs. ion Obs. mass  Error
o bl 103.0092 y42  4311.2111
G b2 160.0307 y4l 42102176
L b3 273.1147 y40  4153.1961
Y bd 436.1780 ¥39  4040.1121
A bS5 507.2152 y38  3877.0487
v b6 606.2836 y37  3806.0116
C* b7 707.2771 708.2770 707.2697 1042 | y36 37069432
v b8 806.3455 807.3433 806.3360  11.76 | y35  3603.9340  1802.9338  3603.8530 22.47
A b9 877.3826 878.3798 8773725 1150 | y34 35048656  1753.4027  3504.7908 21.34
A b10 048.4197 049.4153 048.4080 1234 | y33  3433.8285 1717.8869  3433.7592  20.17
G bll  1005.4412 1006.4351 1005.4278 1329 | y32  3362.7914  1682.3684  3362.7222  20.57
Y b12  1168.5045 1169.4938  1168.4865 1540 | y31  3305.7699  1653.8592  3305.7038  20.00
L b13  1281.5886 12825748 12815675 1642 | y30 31427066 15723325  3142.6504 17.87
Y bld  1444.6519 1445.6347  1444.6274  16.95 | y29  3029.6226  1515.7906  3029.5666 18.45
v bl5  1543.7203 15447019 1543.6946  16.64 | y28  2866.5592
v ble  1642.7887 1643.7614  1642.7541  21.06 | y27  2767.4908  1384.7287  2767.4428 1733
G bl7  1699.8102 1700.7851 1699.7778  19.04 | y26  2668.4224  1335.1968 26683790 16.25
v b18  1798.8786 1799.8453 1798.8380 2255 | y25 26114009  1306.6389  2611.3632 14.44
N b1 1912.9215 1913.8818  1912.8745 2457 | y24 25123325 1257.1545  2512.2944 1516
A b20  1983.9586 y23 23982896  1200.1330 23982514 15.91
v b21  2083.0270 y22  2327.2525 1164.6165 23272184 14.63
A b22  2154.0642 y21  2228.1841 1115.0821  2228.1496 15.46
L b23  2267.1482 y20  2157.1470  1079.5659  2157.1172 13.78
Q b24  2395.2068 y19  2044.0629  1023.0255  2044.0364  12.95
T b25  2496.2545 y18  1916.0043 958.9989 19159832 11.01
A b26  2567.2916 y17 18149567 18159249  1814.9176 2150
A b27  2638.3287 yl6  1743.9195 1744.8932  1743.8859 19.28
A b28  2709.3658 yl5  1672.8824  1673.8595  1672.8522 18.06
v b29  2808.4342 yl4  1601.8453 1602.8207  1601.8134  19.91
T b30  2609.4819 y13 15027769  1503.7552  1502.7479 19.29
T b31  3010.5296 yl2 14017292  1402.7101  1401.7028 18.84
A b32  3081.5667 yll 13006816  1301.6685  1300.6612 15.63
v b33 3180.6351 yl0  1229.6444  1230.6321  1229.6248 15.96
w b34  3366.7144 ¥9 1130.5760  1131.5661  1130.5588 1522
K b35  3494.8094 v8 044.4967 045.4916 944.4843  13.13
v b36  3657.8727 y7 816.4018 817.3993 8163920  11.93
Y b37  3756.9411 y6 653.3384
A b38  3827.9782 v3 554.2700
K b39  3956.0732 v4 483.2320
Y b40  4119.1365 v3 355.1380
S b4l 4206.1685 y2 192.0746
S b42  4293.2006 yl 105.0426
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Supplementary Table 5. Annotations of critical ions observed in deuterated dethiolated SKF MS/MS
spectrum analyzed by FI-ICR MS.

Cale. Mass1° D number”® Cale. Mass 2°  Obs Mass  Error (ppm) Annotation®
749.4547 3 752.4736 F52:4733 -0.3 PAM'RAIC'M'
767.4654 8 770.4842 770.4802 5.2 AM'TRVC'AL
877.5133 4 881.5384 881.5395 1.2 PAMRAICM'GC
880.5495 3 883.5683 883.5648 -39 [AM'TRVC'AL
967.5815 3 970.6003 970.6006 0.3 SIAMTRVC'AL
1063.5926 4 1067.6177  1067.6171 0.6 PAMRAICM'GC'W
1095.6765 3 1098.6953  1098.6955 0.2 KSIAM'TRVC'AL
11346298 4 1138.6548  1138.6530 -16 PAM'RAICM'GC'WA
1182.7085 3 1185.7273  1185.7267 -0.5 SKSIAM'TRVC'AL
1221.6618 4 1225.6869  1225.6763 -8.6 PAMRAICM'GC'WAS
1253.7456 3 1256.7644  1256.7656 1.0 ASKSIAM'TRVC'AL
1439.8249 3 1442.8438  1442.8402 2.4 WASKSIAM'TRVC'AL
1510.8621 4 1514.8871  1514.8793 5.2 CWASKSIAMTRVCAL
1567.8835 4 1571.9086  1571.8966 =17 GC'WASKSIAM'TRVC'AL
1705.9627 6 1712.0004  1711.9916 5.1 PAMRAICM'GC'WASKSIAM'
1963.1115 6 1969.1402  1969.1343 <75 PAM'RAICM'GC'WASKSIAM'TR
2204.2542 7 2211.2981  2211.3032 23 PAMRAICM'GC'WASKSIAM' TRVC'A
2317.3384 7 23243822  2324.3689 5.7 PAMRAICM'GC'WASKSIAM' TRVC'AL
2423.3550 i 2430.3989  2430.3984 02 SIAMTRVC'ALPHPAMRAIC'M'GC'WAS

Theoretical mass of fragment ions resulted from NaBH, reduction (dethiolated SKF).

b. D number represents for the number of deuterium labeled within certain fragments.

c. Theoretical mass of fragment ions resulted from NaBD, reduction (deuterated dethiolated SKF).

d. Residue C and M are marked due to the reason that these two residues are derivatized after reaction.
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Supplementary Table 6. Annotations of critical ions observed in additional fragmentation (MS3) of

deuterated dethiolated SKF analyzed by IT-MS.

Calc. Mass 1* D number® Calc. Mass 2° Obs Mass Error {Da) Annotation?
510.33 1 511.33 511.26 -0.07 RVC'AL
611.38 1 612.38 612.35 -0.03 TRVC'AL
696.43 3 699.45 699.44 0.00 MTRYCAL
806.48 3 809.50 809.44 -0.05 PAM'RAICM'G
664.40 2 666.41 666.44 0.03 PAMRAIC'
593.36 1 594.37 594.44 0.07 PAM'RAI
480.28 1 481.29 481.35 0.07 PAM'RA
409.24 1 410.25 410.35 0.10 PAM'R
253.14 1 254.15 25309 -0.16 PAM’

a. Theoretical mass of fragment ions resulted from NaBH, reduction (dethiolated SKF).

D number represents for the number of deuterium labeled within certain fragments.

Theoretical mass of fragment ions resulted from NaBD, reduction (deuterated dethiolated SKF).

Residue C and M are marked due to the reason that these two residues are derivatized after reaction.
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Supplementary Table 7. 'H NMR data of SKF.

NH o B y others
Al 7.03 443 1.48
A2 7.98 422 1.54
A3 811 413 1.56
Ad 891 4.1 1.62
A5 840 3.93 1.43
C1 9.02 423 3.05, 4.04
2 7.08 435 3.88, 4.06
Cc3 838 467 3.78,3.93
G 839 3.39,428
H 8.03 5.00 3.10,3.40 8.58 (NH), 7.18
n o |7e0 3.74 2.04 1.1 (CHy, 1.19, 1.96 1.01 ()
12 [347 36 1.76 0.80 (CHy, 1.19, 150 0.91 ()
K 773  4.28 2.29 1.79,1.99 1.43 (&), 1.65 (8), 2.97 (&)
L |760 477 146,217 181 1.01 (3), 1.12 (8)
M1 752 454 2.36,2.51 2.62,2.94 2.09 (SCHzs)
M2 813 446 220,231 2.69,2.79 2.07 (SCHy)
M3 ND - 2.25,2.46  2.54,3.10 2.04 (SCHa3)
P1 -4 2.09,2.46  2.00,2.19 3.65 (8), 3.90 (8)
P2 - 4.53 1.91,2.21 1.81,2.07 3.64 (8), 3.97 (8)
Rl |7.96 415 2.03 1.83,1.94 7.44 (NH), 3.25 (3)
R2 |7.08 407 2.10 1.82,1.92 7.53 (NI, 3.28 (8)
S1 799 436 3.88,4.07
s2 838 4.67 3.77,3.93
T 7.59 4.65 4.16 0.47
v 7.77 442 2.84 0.98,1.20
W 834 430 3.11,3.80 9.85 (NH). 7.39(s). 7.66 (d). 7.07 (t). 7.15 (t), 7.43 (d)
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Chapter 2, in full, is a reprint of the material as it appears in Proceedings of the
National Academy of Sciences 2010 (Vol.107(37) pp. 16286-16290). 1 was a
secondary author and developed the microculture techniques required for the
fluorescence microscopy and performed the experiments for the cell biology work

displayed in Figures 3, 4, and 5B.



Chapter 3

The Bacillus subtilis cannibalism toxin
SDP collapses the proton motive force and

induces autolysis
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Summary

Bacillus subtilic SDP is a peptide toxin that Kills cells
outside the biofilm to support continued growth. We
show that purified SDP acts like endogenously pro-
duced SDP; it delays sporulation, and the Sdplimmu-
nity protein confers SDP resistance. SDP Kills a variety
of Gram-positive bacteria in the phylum Firmicutes, as
well as Escherichia coli with a compromised outer
membrane, suggesting it patticipates in defence of
the B. subtilis biofilm against Gram-positive bactetia
as well as cannibalism. Fluorescence microscopy
reveals that the effect of SDP on cells differs from that
of nisin, nigericin, valinomycin and vancomycin-KCl,
but resembles that of CCCP, DNP and azide. Indeed,
SDP rapidly collapses the PMF as measured by fluo-
rometry and flow cytometry, which triggers the slower
process of autolysis. This secondary consequence of
SDP treatment is not required for cell death since the
autolysin-defective IytC, lyiD, IytE, IyiF strain fails to
be lysed but is nevertheless killed by SDP. Collapsing
the PMF is an ideal mechanism for a toxin involved in
cannibalism and biofilm defence, since this would
incapacitate neighbouring cells by inhibiting motility
and secretion of proteing and toxins. It would alseo
induce autolysis in many Gram-positive species,
thereby releasing nutrients that promote biofilm
growth.

Introduction

Bacterial species must compete with a multitude of other
species in the envircnment for both space and nutrients.
Due to the diversity and density of microbes present in the

Accepted 9 March, 2012. *For correspondence. E-mail kpogliano @
ucsd.edu; Tel. (+1) 858 822 1314; Fax (+1) 858 822 5740.

© 2012 Blackwell Publishing Ltd

environment, competition is constant as each species
attempts to find and maintain a niche. In the environment,
many bacteria exist primarily in biofilms, communities of
cells held together by exopolysaccharides, proteins and
other substances (Hibbing et al,, 2010; Abee et al.,, 2011).
Biofilms enable bacteria to claim territories by excluding
competitors, by adhering to surfaces and they confer
increased resistance to a variety of envircnmental
stresses, including antibacterial compounds. Differentia-
tion of cells within the biofilm can allow a great variety of
niches to be simultaneously occupied, by one species or by
a mixed population (Haussler, 2010; Hibbing ef al., 2010;
Lopez ef al, 2010). Thus, bicfilms provide a ubiquitous
means for bacteria to compete and cooperate with
other species, and to form spatially organized and func-
tionally differentiated communities to maximally exploit the
environment.

A commonly implemented competition mechanism is
the production of secreted metabolites that have diverse
effects on intra- and inter-species interactions. This
includes modulating development, promoting biofilm dis-
persal, killing competitors or inhibiting toxin production in a
competitor (Straight and Kelter, 2009; Yang et al., 2008;
Hibbing etal, 2010; Gonzalez etal, 2011). These
secreted metabolites can also stimulate growth by facilitat-
ing acquisition of iron and other metals or by facilitating
extracellular electron transfer to insoluble electron accep-
tors for respiratory growth (D'Onofrio et al, 2010; Skaar,
2010; Bird etal, 2011). Bacillus subtilis secretes many
secondary metabolites, including subtilosin, surfactin,
plipistatin and bacillaene (Babasaki ef al, 1985; Stein,
2005; Shelburne et al, 2007; Asaduzzaman and Sono-
moto, 2009), some of which play dual functions as antimi-
crobial compounds and signalling molecules. For example,
the lipopeptides surfactin and plipistatin have antimicrobial
properties (Vanittanakom et al., 1986; Carrillo et al, 2003;
Gonzalez et al, 2011) and together repress the production
of toxin molecules by Staphylococcus aureus (Gonzalez
ef al, 2011). Surfactin also mediates various behaviours,
such as B. subtilis swarming mctility (Kearns and Losick,
2003) and biofilm formation (Lopez ef al, 2008a), and the
inhibition of aerial hyphae formation in Streptomyces coeli-
color (Straight et al., 2006; Yang et al,, 2009). Similarly, the
polyketide bacillaene both inhibits bacterial translation
(Patel et al., 1995) and inhibits production of prodiginine



and several other melecules in S. coelicolor (Yang et al,
2009). Thus, secreted metabolites are critical for mediating
the outcome of inter-species interactions due to both their
antibacterial effects and their signalling roles.

The B. subtilis biofilm also secretes antimicrobial prod-
ucts that mediate cannibalism by killing non-biofilm forming
siblings (Gonzalez-Pastor et al, 2003). These cannibal
cells lyse genetically identical siblings and susceptible
neighbours of other species (Nandy et al., 2007; Liu et al,
2010) to release nutrients that allow continued growth
(Gonzalez-Pastor ef al, 2003; Lopez ef al., 2009b). This
delays the initiation of sporulation, a starvation-induced
developmental process that produces dormant spores.
Sporulation is a lengthy committed pathway (Parker et af,
1996; Dworkin and Losick, 2005), so if nutrients become
available, sporulating cells are at a competitive disadvan-
tage as they cannot resume growth until sporulation is
complete. Therefore, using cannibalistic toxins to lyse
susceptible neighbours would provide an advantageous
mechanism to delay sporulation until absolutely necessary
(Gonzalez-Pastor et al., 2003). Cannibalism might also
serve to eliminate cheater cells not directly contributing to
biofilm development {(Smukalla ef al, 2008; Mitri et al,
2011) and to eliminate differentiated cell types that are no
longer beneficial to the population, thereby allowing the
biofilm to use the nutrients from these cells to preduce new
beneficial cell types. Thus, secreted metabolites may be
used to sculpt a differentiated bacterial biofilm by removing
and replacing unnecessary cell types, thereby allowing the
biofilm to adapt even during starvation.

Critical to understanding the role of secreted metabolites
in microbial populations is elucidating the mechanism by
which these molecules affect bacterial cells. Secreted
metabolites that inhibit bacterial growth do so by inhibiting
a variety of essential cellular pathways, from transcription
to cell wall biosynthesis. Furthermore, at the sublethal
concentrations that one might expect to predominate early
in an interaction, different compounds have distinct effects
on gene expression and behaviour (Nalca et al, 2006;
Rogers et al, 2007, Romero ef al, 2011). Teasing apart
the role of these molecules in microbial population dynam-
ics will therefore require understanding the effects they
have on cells at both lethal and sublethal concentrations.

We here describe studies on the mechanism of action of
the SDP cannibalistic toxin, which we previously demon-
strated to cause lysis of B. subtilis, S. aureus and S. epi-
dermidis (Liu efal, 2010). The mature SDP toxin is a
42-amino-acid peptide with a single disulphide bond (Liu
et al, 2010) that is produced by processing and secretion
of the product of the sdpC gene. We here demonstrate that
purified SDP acts in a manner consistent with that of
endogenously produced SDP, as it delays sporulation
(Gonzalez-Pastor ef al, 2003) and resistance to purified
SDP is mediated by Sdpl (Ellermeier et al, 2006). We
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further demonstrate that SDP rapidly collapses the proton
motive force (PMF) of B. subtilis, as well as the IptD4213
Escherichia coli mutant that has a compromised outer
membrane. This subsequently induces the dramatic autol-
ysin mediated lysis that is a secondary consequence of
SDP treatment in autolysis susceptible Gram-positive
species, such as B. subtilis, S. aureus and S. epidermidis
(Tipper, 1969; Jolliffe ef al, 1981; Sieradzki et al, 1998).
Collapsing the PMF is an ideal mechanism of action for a
cannibalistic and defensive toxin, as it would rapidly elimi-
nate the ability of neighbouring species and non-biofilm
producing B. subfilis cells (which do not produce Sdpl) to
respond by moving away, while autolysis would release
nutrients that can be readily used to promote biofilm
growth.

Results

Purified and endogenously produced SDP have the
same biological effects

Prior to investigating the mechanism by which purified SDP
kills cells, we first verified that purified SDP affected Bacil-
lus subtilis cells by a mechanism relevant to in vivostudies
that used endogenously produced or inducible SDP
(Gonzalez-Fastor etal, 2003; Butcher and Helmann,
2008; Ellermeier ef al., 2006). SDF was originally identified
as delaying the onset of sporulation {Gonzalez-Pastor
etal, 2003), so we first tested if treatment with purified
SDP delayed sporulation. To do so, we used the undomes-
ticated strain 3610 because PY79 did not sporulate in the
small scale culture conditions used to document the cell
biological effects of purified SDP (Liu ef al., 2010). Briefly,
in this method, cells are grown in LB to mid-log phase, then
concentrated 10-fold in the same medium and 15 pl ali-
quots transferred to microfuge tubes for further incubation
with or without SDP. Under these conditions, 3610 showed
significant levels of sporulation by 5h (Fig. 1A and B},
when asymmetrically positioned sporulation septa at
various stages of engulfment were visible in 36% of
DMSO-treated cells. SDP treatment reduced the fre-
quency of sporulation to 1%. Thus, SDP treatment dra-
matically reduces the frequency of sporulation, in keeping
with previous publications (Gonzalez-Pastor et af,, 2003;
Lopez ef al., 2009b).

Next, we tested if previously identified SDP-resistance
mechanisms also provided resistance against purified
SDP. The primary SDP resistance mechanism is Sdpl, a
membrane protein that is induced in response to SDP and
conveys resistance to high levels of SDP (Ellermeier
et al., 2006). A secondary resistance mechanism, which
functions in the absence of Sdpl, is mediated through the
extracytoplasmic function (ECF) sigma factor ¢* {Butcher
& Helmann, 2006 and Fig. S1), and this requires two

© 2012 Blackwell Publishing Ltd, Mofecuiar Microbiofogy, 84, 486-500
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Fig. 1. Purified SDP acts in a manner similar to endogenously
produced SDP.

A and B. Purified SDP delays sporulation. Strain 3610 was grown
for 5 h after treatment with DMSO (A) or 20 ug mI™' SDP (B), which
is 2-5x above the MIC (Supporting Information). Membranes were
stained with FM 464 (red) before fluorescence microscopy. Arrows
indicate cells with sporulation septa at various stages of
engulfment. Scale bar represents 1 um.

C—F. Sdpl is sufficient for protection against purified SDP.
PryspasSOpIASApABCIRAsigW (TPM758) cells were treated for 3 h
with 0.5% DMSO (C and E) or 20 g mlI-" SDP (D and F) either
without (C and D) or with (E and F) induction of sdpf with 1 mM
IPTG. Cells were stained with FM 4—64 (red), and two DNA stains,
DAPI (blue) and SYTOX Green (green). SYTOX Green is
membrane impermeable and only stains permeabilized cells.

G. Effect of Sdpl production on viability of Pysecsdbl AstpABCIR
AsigW (TPM758) cells treated with SDP (n= 2). Viability is shown
as the ratio of colony-forming units (cfu) at the indicated time and
treatment to the cfu at t, for the DMSO control {cfu®).

potential SDP resistance systems, yknW-Z, an ABC
transporter, and yhfL, an Sdpl paralogue (Butcher and
Helmann, 2008). Thus, if purified SDP kills cells by the
same mechanism as endogenously produced SDP, over-
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expression of Sdpl should be sufficient for high level SDP
resistance even in the absence of the backup systems
induced by . We used fluorescence microscopy to test
this prediction. To do so, we employed a AsdpABCIR
AsigW strain lacking the normal resistance mechanisms
that also had sdpf under the control of the IPTG inducible
promoter P ... (TPM758). In the absence of IPTG, and
hence Sdpl, SDP treatment caused significant lysis by 3 h
(Fig. 1D), and viable cell counts showed that viability
dropped nearly 5 logs in 1h (Fig. 1G, red). However,
when sdpf was induced with IPTG, we failed to observe
lysis (Fig. 1F) or any loss of viability (Fig. 1G, purple).
These results demonstrate that Sdpl is sufficient for pro-
tection against purified SDP, as expected based on pre-
vious results with endogenously produced SDP (Butcher
and Helmann, 2006; Ellermeier et al., 20086).

SDP affects both Gram-positive and Gram-negative
bacteria

We next explored the ability of SDP to kill additional Gram-
positive bacteria, to extend previous studies showing that
it kills Listeria monocytogenes (Palmer efal, 2009)
S. aureus and S. epidermidis (Liu et al, 2010). We chose
five species from the phylum Firmicutes and one from
the phylum Actinobacteria. Of the species tested, only the
Actinobacterium Micrococcus luteus was resistant to SDP
(Fig. 2A, red) at the concentration tested. All of the Firmi-
cutes species tested were sensitive to SDF, with B. mega-
terium showing the most sensitivity, as it was no longer
viable at the initial time point (Fig. 2A, purple). S. epider-
midis was the least sensitive to SDP, but still showed a 2.5
log drop in viability by 5 h (Fig. 2A, green). This experiment
demonstrates that SDP is active against a wide variety of
Gram-positive bacteria within the phylum Firmicutes.

Our previous studies failed to show any effect of SDP on
the Giram-negative species tested (Liu et al, 2010}, sug-
gesting that either the outer membrane of Gram-negative
bacteria provides a barrier to entry of SDP or that SDP has
a Gram-positive specific target. To test these hypotheses,
we took advantage of an E. coli strain that has a defect in
the iptD gene that encodes a protein required for outer
membrane biogenesis. This mutation permeabilizes the
outer membrane and renders E. coli sensitive to drugs
such as vancomycin and nisin that normally target only
Gram-positive bacteria (Sampson ef al, 1989; Braun and
Silhavy, 2002; Wu et al, 2008). Fluorescence microscopy
and viable cell counts demonstrated that wild-type E. coli
(MC4100) is unaffected by SDF treatment, and that by 3 h
of treatment the cells had the small cell morphology char-
acteristic of stationary phase cells (Fig. 2B). However,
upen SDP treatment, the JptD (NRB88) cells stopped divid-
ing, became slightly wider and longer than untreated cells
and were hyper-permeabilized to DAPI (Fig. 2C). Cell
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viability also dropped almeost 4 orders of magnitude
(Fig. 2D, purple). Therefore, SDP recognizes a target that
is broadly distributed in bacteria, but is unable to penetrate
the outer membrane of Gram-negative species.

Comparison of the cytological effects of SDP and other
membrane active compounds

SDP induces dramatic lysis of B. subtilis cells that is char-
acterized by the extrusion of membrane vesicles and
tubules after 1-2 h of treatment (Liu efal, 2010). We
used fluorescence microscopy to investigate this charac-
teristic lysis phenotype by comparing the cell biological
effects of SDP to antibiotics with known mechanisms of
action. We focused on antibacterial compounds that
target the cell wall, the cytoplasmic membrane and cellu-
lar energy production (vancomycin, nisin, CCCP, DNP,
azide; Fig. 3A—H). Three compounds, the energy poisons
CCCP, DNP and sodium azide, showed SDP-like pheno-
types and a similar rate and extent of viability loss. These
compounds killed cells within 1-2 h (Fig. 3K}, although
SDP-treated cells showed increasing numbers of viable
cells over time. This is likely because at the onset of
treatment, a few cells in the culture express Sdpl, and this
SDP-resistant population survives and resumes growth,
Fluorescence microscopy revealed that after 2 h of

~+- B. megaterium SDP
—=— B. amyloliquifaciens
& B. amyloliquifaciens SDP

- 8. epidermidis SDP
—— B. thuringiensis
‘‘‘‘‘‘‘ B. thuringiensis SDP
L. acidophilus
L. acidophilus SDP

calculated as in Fig. 1G. We were unable
determine if M. Juteus was sensitive to higher

—+— P. polymyxa concentrations of SDP due to our limited
- P. polymyxa SDP supply.
—— 8. epidermidis B. Fluorescence micrograph of £ coli wt

(MGC4100) treated with 0.5% DMSO or

20 ug ml~" SDP for 5 h and stained with FM
4—64 (red) and DAPI (blue). Scale bar
represents 1 um.

C. Fluorescence micrograph of iptD4213
(NR698) cells treated with 0.5% DMSO or
20 ug ml~" SDP for 5h. SDP treatment
produces cells that are hyper-permeabilized to
DAPI and that fail to enter stationary phase
and therefore remain elongated.

D. Effect of SDP on E. coff wt (MC4100) and
IptD4213 (NRE98, [ptD4213) viability,
calculated as in Fig. 1G. Error bars show the
standard error of = 3 experiments.

treatment with SDP, CCCP, DNP and sodium azide, some
cells showed large gaps in the cytoplasmic membrane,
extracellular membrane vesicles of variable size, perme-
ability to SYTOX Green, increased permeability to DAPI
and diffuse chromosomal DNA (Fig. 3B-E).

The channel forming toxin nisin also caused cell lysis, as
evidenced by cells with gaps in the cytoplasmic membrane
and increased permeability. However, unlike the other
compounds nisin uniformly hyper-permeabilized the cells
to DAPI and SYTOX Green (Fig. 3H), likely because of the
large, non-specific channels it forms in the cytoplasmic
membrane (Lubelski ef al, 2008; these changes in perme-
ability are discussed and quantified below). The mem-
branes of nisin-treated cells showed highly uneven
staining and no external vesicles were observed (Fig. 3H).
The cell wall-active drug vancomycin caused the cells to
accumulate extra membrane material in a few locations
along the lateral cell wall (Fig. 3G), perhaps because van-
comycin titrates peptidoglycan precursors and slows
peptidoglycan synthesis without slowing membrane bio-
genesis (Molenkamp and Veerkamp, 1976). Thus, com-
pounds with different mechanisms of action have different
effects on bacterial cell architecture. SDP produces a
cytological profile similar to CCCP, DNP and azide sug-
gesting that it depletes cellular energy stores (the PMF
and/or ATF).
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Fig. 3. Effects of antibacterial compounds on B. subtilis cell architecture.
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A-J. Fluorescence micrographs of growing cells of PY79 treated with (A) 0.5% DMSO, (B} 20 ug mlI™" SDP, (C) 10 mM sodium azide, (D)
100 UM CCCP, (E) 2 mM DNP, (G) 250 g mI™ vancomyein, (H) 10 g mi™ nisin, (I) 2.5 UM nigericin, (J) 125 UM valinomycin with 200 mM
KCI (F) incubated statically, for 2 h {A=F, I=J), 1 h (H) or 3 h (G). Cells are stained with FM 4—64 (red), DAPI (blue) and SYTOX Green
(green), as in Fig. 1. Arrowheads indicate small membrane vesicles and debris. Arrows indicate large vesicles. Scale bar represents 1 um.
K. Effects of treatments on PY79 viability, calculated as in Fig. 2. Error bars show the standard error of = 3 experiments.

L. Cartoon demonstrating the mechanism of PMF component collapse for CCCP, DNP, nigericin and valinomycin + KCI.

M. Cartoon showing representations of the cytological profiles (A-E, G-H, J).

SDP rapidly collapses the PMF

Many antimicrobial peptides collapse the PMF by forming
channels in the cytoplasmic membrane (Peters et al.,
2010; Wilmes ef al, 2011; Nan et al,, 2011b). We therefore
hypothesized that this was more likely to be the primary
mechanism of action for SDP. Frior to determining if SDP
collapses the PMF, we tested how rapidly it affected cell
viability and growth. Short-term viable cell counts showed
that SDP-treated cells showed a several log drop in viability
by 10 min (Fig. 4D), although lysis was not observed until
>80 min. Time-lapse fluorescence microscopy demon-
strated that cells treated with SDP for 20 min failed to
divide, with lysis starting ~ 60 min after treatment (Fig. S2).
Thus, SDP is fast acting and its effects are irreversible
within 10 min (Fig. 4D).
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Fig‘ 4. SDP rapidly depletes the PMF and slowly induces autolysis.

We used two complimentary assays to determine if SDP
collapses the PMF, fluorometry and flow cytometry. First, to
measure the effect of SDP on B. subtilis, we used a fluo-
rometry assay that allows the effects of compounds on the
PMF to be followed over time, starting as soon as it is
possibleto load the sample after treatment, about 30 s with
the small sample volume used here (which precluded
adding SDP during the experiment). This assay measures
the average effects on all the cells in the population. This
assay uses DISC:(b), a dye that enters polarized cells, is
quenched, and is released when the cells depolarize,
leading to increased fluorescence (Sims etal, 1974,
Strahl and Hamoen, 2010). SDP caused depolarization
in B. subtilis strain PY78 at concentrations as low as
1 1lg mi" with a timescale similar to that of nisin (Fig. 4E,
green and blue). In contrast, 10 ug ml~' vancomycin had no

60 min
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A-C. Flow cytometry assay of DIBAC4(5) stained E. coli IpiD4213 (NR&98) cells. (A and B) Cells were treated for 10 min (light) or 20 min
(dark) with DMSO (green), 4 g ml~" SDP (red) or 500 UM CCGP (blue) and subjected to flow cytometry. (G) Cells were treated for 20 min or
60 min, as indicated, with DMSO (dark green), Water (green), 200 mM Azide (crimson), 100 mM Azide (pink), 125 uM Nigericin (aqua), or

20 mM DNP (orange) and subjected to flow cytometry.

D. Treatment of PY79 with 20 ug ml~™ SDP reduces B. subtifis PY79 viability (calculated as in Fig. 2) within 10 min; the limited quantities of
SDP available precluded doing additional shorter time points. Error bars represent the standard error of = 3 experiments.
E. Fluorometry assay of DiSC:(5) stained B. subtilis PY79 cells treated with DMSO (purple), 10 ug mlI™' vancomycin (red), 1 |ig mI™' SDP

(green) or 11 g mlI™" nisin (blue).
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impact on the PMF. Thus, SDP rapidly collapses the PMF
in B. subtilis.

Second, we used flow cytometry to quantify the fraction
of cells affected by various treatments. This assay cannot
be performed with B. subtilis because it grows in chains
that preclude analysis by flow cytometry without either
gating the cell size to analyse only individual cells, which
comprise < 5% of the population, or by fixing and physically
separating the cells (Aguilar ef al, 2010), which makes it
impossible to measure the PMF. We therefore used the
E. coli iptD strain (NR698; Ruiz et al, 2005), which grows
as single cells. Cells were treated with SDP and a variety of
control compounds and then resuspended in 1x PBS with
5 1g ml-" DIBAC.(5), a potential sensitive dye that only
enters depolarized cells and then binds to membranes and
proteins, resulting in increased fluorescence (Jepras et al.,
1995; 1997). Cells treated with SDP at concentrations as
low as 4 g ml~' show increased fluorescence within
10 min of treatment. (Fig. 4A, red; see SDP titration experi-
ment in Fig. S3A). This shiftis comparable to that seen with
CCCP (Fig. 4B, blue), DNP (Fig. 4C, orange), nigericin
(Fig. 4C, blue) and nisin treatment (Fig. S3B). In contrast,
azide only depolarized the membranes in a fraction of the
cells at the highest concentration after an hour (Fig. 4C,
crimson). Thus, SDP rapidly collapses the PMF of both
B. subtilis and E. coli, suggesting that this is its primary
mechanism of action.

SDP treatment most closely resembles treatments that
coliapse both AY¥ (membrane potential) and ApH

The data above indicate that SDP collapses the PMF, but
they do not discriminate between decreases in the indi-
vidual components of the PMF, A¥ (membrane potential)
and ApH. We therefore expanded our list of reference
compounds to include those that specifically collapse the
AY or the ApH (unlike CCCP, DNP and azide, which
collapse both components). To discriminate between these
two activities, we tested the effects of nigericin and valino-
mycin on B. subtilis cells. Nigericin inserts into the mem-
brane and facilitates the equal exchange of extracellular H*
for intracellular K* ions, dissipating ApH while maintaining
AY since this is a charge neutral exchange. Valinomycin
moves K' ions from high to low concentrations, so in the
presence of high extracellular concentrations of K* it col-
lapses AY with no effect on ApH, as there is no change in
the proton gradient. Somewhat surprisingly, the cell bio-
logical effects of these two compounds were easily distin-
guishable from each other and from SDP, CCCP, DNP and
azide. Nigericin induces cell lysis and accumulation of
membrane at septa, like those that collapse both compo-
nents of the PMF; however, the DNA in lysed cells is more
compacted, extracellular vesicles are rarely seen, and
there are subtle accumulations of membrane pools along
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the side of the cell (Fig. 3l, with entire fields shown in
Fig. S4). Valinomycin-KCI treatment produces elongated
cells with smooth membranes, decondensed chromo-
somes, and cell lysis produces many extracellular vesicles
but small membrane gaps are nct observed. Thus, some-
what surprisingly, compounds that specifically deplete the
AW or ApH appear different from one ancther, and different
from compounds that collapse both components of the
PMF. Our data suggest that SDP might collapse both the
AW and the ApH, similar to CCCP and DNF.

Quantitative discrimination between mechanisms of
action using cell biology

Our cell biclogical studies demonstrated that compounds
with different mechanisms of action had different effects
on membrane and DNA architecture and on cell perme-
ability, even after short times of treatment (20 min). Spe-
cifically, all of the compounds that target components of
the PMF produce cells with decondensed chromosomes
and reduced DAPI staining (Fig. 5B, E, F, H and L) com-
pared with untreated cells (Fig. 5A, D, G and K). Quanti-
fication demonstrated that these cells have lower DAPI
fluorescence intensity per cell than controls (Fig. 5N),
suggesting that DAPI might require the PMF for uptake
(similar to kanamycin; Taber etal, 1887). In contrast,
nisin-treated cells showed increased chromosome con-
densation and increased DAPI fluorescence intensity per
cell compared with the control (Fig. 5A and C). This sug-
gests that intact cells take up less DAPI than nisin-treated
cells. Nisin-treated cells were also rapidly permeabilized
to SYTOX Green (Fig. 5C) and showed a 130x increase in
SYTOX fluorescence intensity (Fig. 5M). This increased
cell permeability is likely due to the ability of nisin to form
non-specific channels in the cytoplasmic membrane
{Lubelski ef al., 2008). Vancomycin (at > 10x the MIC) has
little effect on DAPI or SYTOX Green fluorescence, but
FM 4-64 staining was uneven, suggesting that the cells
contained membrane invaginations. Thus, at short times
of treatment, SYTOX Green permeability and chromo-
some condensation can discriminate between com-
pounds that affect the PMF, which decondense the
chromosomes, and those which produce large membrane
channels, which rapidly permeabilized the cells and cause
chromosome condensation.

Autolysis is a secondary consequence of SDP treatment

During our cytological profiling experiments, we noted that
cells treated with SDP lyse in a manner identical to that
observed when untreated B. subtilis cells are moved from
aerated to static culture (Fig. 3F). This suggested that
autolysis, which is also induced by CCCFP and azide (Jol-
liffe etal, 1981), might be responsible for the dramatic
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Fig. 5. The short-tem consequences of various compounds on cell structure. PY79 cultures were treated with the indicated compounds for
20 min at the concentrations specified in Fig. 3 (except CCCP is 500 UM and DNP is 10 mM), stained with FM 4-84 (red), DAPI (blue) and

SYTOX Green (green) and imaged.

A-L. Overlays are shown following adjustment of DAPI images to visualize DNA structure (left) and of the DAPI| and SYTOX Green images to
reveal changes in fluorescence intensity (right) as described in the methods. Scale bar represents 1 um.
M. Graph showing the ratio of average SYTOX Green fluorescence intensity/pixel for cells treated with various compounds for 20 min to the

appropriate controls. Only nisin significantly permeabilizes the cells.

N. Graph of the ratio of average DAPI fluorescence intensity/pixel for cells treated with various compounds for 20 min to the appropriate
controls. SDP, CCCP, DNP, nigericin and valinomycin-treated cells show significantly decreased fluorescence intensity, whereas nisin shows

increased fluorescence intensity and vancomycin shows no change.

lysis that is a late consequence of SDP treatment. Autoly-
sis is caused by cellular enzymes called autolysins that
digest peptidoglycan during processes such as cell sepa-
ration and elongation, and can cause cell lysis when
deregulated (Jolliffe efal, 1981; Smith et al, 2000). To
test the hypothesis that SDP induces autolysis, we used a
strain missing the four major B. subtilis autolysins LytC,
LytD, LytE, LytF (ALB1111) that is resistant to autolysis

induced by a lack of aeration and by certain membrane
active compounds, including CCCP and azide (Margot
efal, 1999). When treated with SDP, the autolysin-
deficient strain failed to lyse, showing neither increased
SYTOX permeability nor external membrane vesicles,
even after 5 h (Fig. 6B), although it accumulated internal
membrane vesicles. However, viable cell counts showed
that the mutant cells lost viability as rapidly as the wild-
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Fig. 6. Effect of autolysins on cell lysis and death.

A—C. Fluorsscence micrographs of autolysin deficient cells AlvfABC AlytD AWME AlytF (ALB1111) treated for 5 h with (A) DMSO, (B) 20 pg ml~
SDP, or (C) statically incubated. Cells are stained with FM 4-64 (red), DAPI (blue), and SYTOX Green (green). Scale bar represents 1 pm. No

change in SYTOX Green pemeability is observed.

D. Cell viability in SDP-treated PY79 and AlyfABC AlviD AlviE AlytF (ALB1111) cells. (The PY79 curves are the same as those shown in
Fig. 3). Both strains lose viability upon SDP treatment. Error bars represent the standard error of = 3 experiments.

type strain after SDP treatment (Fig. 6D, green). This
indicates that autolysis is a secondary consequence of
SDP treatment and not the primary cause of cell death.

Discussion

Our studies of the mechanism of acticn of SDP were
greatly facilitated by cell biological studies of the effects of
membrane active antibacterial compounds on the struc-
ture of bacterial cells. These studies indicated that SDP
likely collapses the PMF (as confirmed by more specific
assays) and that this subsequently induces autolysis.
Cytological profiling is capable of discriminating between
two compounds that bind the lipid || precursor for pepti-
doglycan biogenesis (vancomycin and nisin), as only one
(nisin) makes large channels in the membrane that perme-
abilize the cells to SYTOX Green (Fig. 5C and Fig. S4).
This assay also discriminates between compounds that
collapse both components of the PMF (CCCF, DNF), those
that collapse or dissipate a single component of the
PMF (ApH or AY¥; nigericin, valinomycin) and those that
make non-specific channels in the cytoplasmic membrane
(nisin). Our studies suggest that SDP rapidly collapses
both components of the PMF and that this is responsible for
its immediate toxicity to bacterial cells. Thus, cytological
profiling can rapidly provide insight into the possible
mechanisms of action of newly identified antibacterial com-

pounds that affect the cell membrane, and thereby limit the
number of more specific assays required to fully document
the mechanism of action.

We favour the hypothesis that SDP collapses both
components of the PMF by translocating protons across
the membrane, perhaps forming a channel that allows
protons but not larger molecules to diffuse freely across
the membrane (Fig. 7). Interestingly, many cationic anti-
microbial peptides produced by the human immune
system and bacteria kill cells by inserting into the mem-
brane and assembling channels that collapse the PMF
{Peters et al,, 2010; Nan et al, 2011b). Thus, SDP, which
is also a cationic peptide, shares a mechanism of action
with many other peptides that play an evolutionarily
ancient role in protecting eukaryotes and bacteria against
invading bacteria.

A secondary consequence of PMF collapse in many
Gram-positive  bacteria, including B. subfilis and
S. aureus, is autolysis, which we have demonstrated pro-
duces the dramatic lysis associated with SDP treatment.
Autolysis involves enzymes that cleave peptidoglycan
during cell elongation and cell separation, which are
deregulated or hyperactivated by PMF collapse, leading to
cell lysis. The mechanism by which loss of the PMF
induces autolysis is not completely clear, but our observa-
tion that different cytological profiles are preduced by
collapse of either ApH or A¥ or both suggests that collapse
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Fig. 7. Comparison of the cytological profiles and mechanisms of action and for SDP and nisin. Key: grey — cell wall; red — cytoplasmic
membrane; light green — DNA structure; dark green — cell permeability; + — protons; purple — autolysins; blue — SDP; brown — nisin.
A. SDP (blue) depolarizes the membrane, and we propose that it inserts into the membrane and forms a proton channel, causing PMF

collapse and chromosome decondensation. Autolysin activity is deregulated and delocalized peptidoglycan degradation causes holes in the
cell wall. After hours, this induces autolysis, with extrusion of membrane tubules and vesicles caused by high internal osmotic pressure (red),
and increased SYTOX Green permeability.

B. Nisin (brown) inserts into the membrane and forms a large non-specific channel that rapidly permeabilizes the cells, collapsing the PMF,

osmotically equilibrating the cells, and condensing the chromosomes. Autolysin activity is deregulated and delocalized peptidoglycan
degradation causes holes in the cell wall. After hours, autolysis occurs, but in the absence of a high internal osmotic pressure, the cell
implodes to form intemal membranes rather than exploding to form external membrane vesicles and tubules.

of each component of the PMF might activate enzymes
with distinct substrate specificities or localization. Previous
results suggest that ApH is coupled to autolysin activity via
the acidic wall polymer teichoic acid, which maintains a pH
gradient across the cell wall. During respiration, teichoic
acid is proposed to retain protons close to the cytoplasmic
membrane, which are replaced by K+ or Na+ from the
medium at the outer surface of the wall. This inhibits
autolysin activity near the membrane of respiring cells,
thereby restricting autolysin activity to the outer surface of
the cells (Neuhaus and Baddiley, 2003; Rice and Bayles,
2008). Such autolysins would therefore be deregulated
upon collapse of the ApH but not by collapse of A¥. There
are two attractive models for sensing A'Y. First, some
bacteriophages regulate host cell lysis by PMF collapse,
which triggers the release and activation of membrane-
anchored endolytic enzymes (the SAR-endolysins; Park

ef al,, 2007; Rice and Bayles, 2008). The PMF governs the
insertion of charged transmembrane proteins into the
membrane (Celebi et al., 2008}, likely viathe AY. Second,
AW is required for localization of a variety of cell division
proteins (Strahl and Hamoen, 2010), suggesting that depo-
larization might release the autolytic enzymes from their
usual site of activity at the septum or the outer layers of the
wall. Further studies are required to identify the autolytic
enzymes that are induced by collapse of the ApH or AW,
and to understand the mechanism by which collapse of
each component of the PMF leads to autolysis.
Regardless of the mechanism by which the ApH and AW
govern autolysin activity, delocalized peptidoglycan degra-
dation ultimately produces holes in the cell wall (Rice and
Bayles, 2008; Volimer et al, 2008). In otherwise intact
cells, the osmatic pressure would then force the membrane
through these holes, leading to the extrusion of membrane
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vesicles and to permeabilization of the cell to larger mol-
ecules such as SYTOX Green. We hypothesize that the
number and distribution of the holes in the cell wall is
dictated by the specific autolysins activated by each treat-
ment, and that this in turn determines if cells lyse with the
extrusion of relatively few large vesicles or with the produc-
tion of many smaller vesicles. In contrast, cells that have
been permeabilized with molecules that assemble large
non-specific pores, such as nisin, would lack an internal
osmotic pressure as the pores would allow the osmotic
equilibration of the cell with the medium. Thus, by the time
the autolysins produce holes in the cell wall, cell lysis would
simply entail an internal collapse of the cell membrane
rather than the extrusion of membrane vesicles.

Potential role of SDP in mediating inter- and
intra-species interactions

SDP acts as a cannibalistic toxin that kills a subset of
B. subtilis cells within the biofilm to allow continued growth
thereby delaying the onset of sporulation (Ellermeier ef al.,
2006; Liu et al, 2010). We here demonstrate that SDP is
active against a variety of bacterial species in the Firmic-
utes phylum, including species closely related to B. subtilis
such as B. amyloliquifaciens and also more distantly
related species such as Lacfobacilius acidophilus. This
expands the list of Gram-positive species sensitive to SDP
beyond those previously published (Palmer et al, 20089;
Liu et al, 2010) and suggests that SDP might play a more
general role in defending the B. subtilis colony against
invading species. We speculate that in this broader
context, depleting cellular energy stores might be the ideal
mechanism of action for a defensive extracellular metabo-
lite. First, sublethal concentrations of compounds that col-
lapse the PMF rapidly inhibit flagellar motility in a variety of
species (Ridgway, 1977; Goulbourne and Greenberg,
1980; Nan ef al, 2011a). This could prevent metility-driven
invasion of B. sublilis colonies as well as swarming away
from the B. subtilis colony. Second, collapsing the PMF
disrupts biofilm formation in Pseudomonas aeruginosa
and Shewanella oneidensis (lkonomidis etal, 2008;
Saville efal, 2011), suggesting that SDP could inhibit
biofilm formation by neighbouring species, and thus
reduce competition for a niche. Third, the PMF is neces-
sary for protein secretion and the export of many toxic
secreted metabolites (Geller, 1881; Driessen, 1992}, so
SDP might reduce the ability of neighbouring species to
produce or respond to toxic molecules. Finally, and
perhaps most importantly, a variety of Gram-positive
species undergo autolysis when the PMF is compromised
(Jolliffe et al, 1981; Reith and Mayer, 2011}, but not when
pathways such as transcription or translation are inhibited
by antibiotics (Jolliffe et al, 1981; Falk et al, 2010). Thus,
inducing autolysis would be advantageous for a cannibal-
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istic or defensive toxin as it would lead to the release of
nutrients from target cells without the need to secrete
enzymes to lyse neighbouring bacteria. The SDP toxin is
therefore ideally suited for its roles in eliminating unneces-
sary cell types from the colony and in defending it from
invasion by competing species.

Experimental procedures
Strains and culture conditions

The strains used in this study are listed in Table 1. All cultures
were grown in LB medium at 37°C, except cultures for
fluorometry. All cells treated with compounds were treated in
concentrated microcultures (described below), except cul-
tures for fluorometry, which were grown in LB supplemented
with 50 mM HEPES pH 7.5, 300 mM KCl and 0.1% glucose.

Solutions of SDP and other toxins were prepared using the
following concentrations and solvents: 400 jug mi~' SDP (10%
DMSO, purified as described in (Liu ef &/, 2010), 100 mM
sodium azide (H.O, Sigma), 2 mM CCCP (20% DMSO,
Sigma) or 10 mM CCCP (100% DMSO, Sigma), 5 mg ml
valinomycin (100% DMSO, Sigma), 2.5 mgml' nigericin
(100% DMSO, Calbiochem), 400 mM dinitrophenol (100%
DMS8O, Sigma) 5mg ml' vancomycin (H:O, Sigma), and
100 ng mi' nisin (10% DMSO, Sigma). One mM IPTG was
used to induce Sdpl in TPM758 cells.

Concentrations of antibiotics in solid culture were as
follows: MLS (1 pg mi~" erythromycin, 25 g mi' lincomycin),
10 ng mi' tetracycline, 100 ug mi~' spectinomycin. Except
when otherwise noted, SDP was used at 20 ug ml', which
we estimate is between 2 x and 5 x the MIC (Table §1).

Fluorescence microscopy

Cells were cultured for fluorescence microscopy as described
in Liu ef a&l. (2010). The effects of compounds on individual
B. subtilis cells were investigated in concentrated 15 pl
microcultures prepared inthe following manner. Cultures were
grown in LB media to an ODgy of 0.3, centrifuged, resus-
pendedin1/10the volume and 14.250r 13.5 pl (depending on
the volume of compound to be added) of concentrated cells
were added to 1.7 mI microcentrifuge tubes. At f=0,0.75 ulor
1.5l of the indicated compound was added to aliquots of
cells. Compounds were used at the following final concentra-
tions: 0.5% DMSO, 2.5% DMSO, 5.0% DMSO, 20 ug mi’
SDP, 10 mM azide, 100 uM CCCP (Fig. 3), 500 pM CCCP
(Fig. 5), 2 mM DNP (Fig. 3), 10 mM DNP (Fig. 5), 62.5 .M
nigericin, 125 uM valinomycin, 250 jig mI~' vancomycin,
10 ug ml' nisin. Cultures to be treated with valinomycin were
grown in LB supplemented with 200 mM KCI (Fig. 3), or
300 mM KCI (Fig. 5). Tubes were capped and incubated at
37°C in a roller. Samples were collected for imaging every
hour. Three microlitres of cells were added to 0.75 il of a stain
mix containing 30 png mr' FM 4-64, 2.5 tM SYTOX Greenand
1.2 ug mi~' DAPI prepared in 1x T-base. £. cofi cultures were
treated identically to B. subtilis cultures, but the treatment was
extendedto 5 h. The pH of control cultures was monitored after
incubation, and found to be unchanged from the starting
medium (pH 6.5-7.0).
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Table 1. Strains used in this study.
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Strains Genotype Background Reference
B. subtilis
3610 Prototroph, undemesticated parent of 168 Branda et a/ (2001)
PY79 Prototrophic derivative of B. subfilis 168 Youngman ef al. (1984)
EH273 sdpABC: kan PY79 Ellemeier ef af. (2006)
TPM758 AsdpABCIRA: tet, AsigW:kan amyE: :Pyyspxsdpltspec PY79 Ellermeier lab
KP3034 lacA:ispec PY79 BGSC1A785—PY79
SCB751 amyE . :mifM-yidC2-lacZ(cat PY79 Chiba &t a/. (2009)
ALB1039 AsigW::mls PY79 This study
ALB1088 AsdpABCIR: tet PY79 This study
ALB1142 AsdpABCIR:tet, AsigWimls PY79 This study
ALB1111 WABC:neo, IytD:: tet, lytF:spec, ivtE::cm lytD::tef PY78 This study
HB0020 AsigW::mjs tipC2 ASPS 168 Cao et al (2001)
L16601 Prototrophic derivative of B. subfilis 168 Margot and Karamata (1996)
L16648 WIABC::neo, IytF:.spec, lytE..cm, IytD:fet L16601 Margot ef al. (1999)
CDE433 AscpABCIR: tet, AsigW:kan PY79 Ellemeier and Losick (2008)
E. coli
MC4100 F-, faraD139]s:, AfargF-lac)168, lambda—, ef4-, fhD5301, Casadaban (1976)
AlfruK-yeiR) 725(fruA25), relAd, rpsL150(strR), rbsAZ22,
A(mB-fimE)632(::151), deoC1
NR&98 1ptD4213 MC4100 Ruiz et al. (2005)
Other species
ATCCO341 Micrococcus luteus Lab collection
ATCC12872 Bacillus megaterium Lab collection

FZB42 Bacillus amyloliquifaciens

ATCGC35646 Bacillus thuringiensis
ATCC4356 Lacfobacilius acidophiius
ATCCB42 Paenibacillus polymyxa
ATCC35984 Staphylococeus epidermidis

Lab collection
Lab collection
Lab collection
Lab collection
Lab collection

Cells were immoebilized on an agarose pad (1/10 LB,
0.375 ug ml~' FM 4-64, 0.025 ug mi~' DAPI) and imaged on
an Applied Precision Spectris Microscope described in (Liu
ef al, 2008). Images were deconvolved using softWoRx
v3.3.6 (Applied Precision) and the medial focal planes shown.
The DAPIand SYTOX Greenimages in Figs 1-3, 6, 51 and 54
were normalized within each figure based on intensity and
exposure length to reflect intensities relative to the treatment
with the highest fluorescence intensity in each figure.

Sporulation conditions

To guantify the impact of SDP on sporulation, concentrated
microcultures in LB were prepared as described above, and
incubated with rolling at 37°C. Samples were harvested after
5 h, and stained with FM 4-64 and prepared for microscopy
as described above. The number of cells with asymmetric
septa in a 3610 culture was counted after treatment with
0.5% DMSO or 20 ug ml-' SDP for 5 h. Atleast 100 cells were
counted per treatment per experiment. Numbers reflect the
average of three experiments.

Viable cell counts

Viable cell counts were obtained through dilution and plating of
cells from the same cultures as those subjected to microscopy.
Ten-fold serial dilutions were made at the indicated time in 1x
T-base and spotted onto LB plates. The first dilution reduces
the concentration of SDP and other antimicrobial compounds
below their minimal inhibitory concentrations. We therefore

infer that cell death is due to compounds that bound the cell
before dilution. Colonies were counted after growth and
colony-forming units (cfu) per mlcalculated. Shown is the ratio
of cfu at time x [cfu(£)] to cfu of the control at £ [cfu(k)].

Flow cytometry

Measurement of the PMF by flow cytometry used NR698
(E. coli [ptD4213) grown as for microscopy. After SDP treat-
ment at 37°C for 10 or 20 min (as indicated in the figure),
3-15 pl of culture was resuspended in 1% PBS with 5 ug mr’
DIBAC(5) and 100 000 sevents counted using a BD LSR I
flow cytometer. Fluorescence data were collected using the
561 nm laser. Area under the curve (dsRed-A) was used as
the fluorescence intensity measurement.

Fluorometry

Measurement of the PMF by fluorometry was conducted simi-
larly to Strahl and Hamoen (2010). B. subtilis strain PY79
cells were grown in LB supplemented with 50 mM HEPES
pH 7.5, 300 mM KCI and 0.1% glucose to an ODsyo of
0.3-0.35, spun down, then resuspended in 0.5 volume
50 mM HEPES pH 7.5, 300 mM KCI and 0.1% glucose.
Di8C4(5) (1 uM final), cells, and DMSO (0.5% final), vanco-
mycin (10 pgmli~ final), nisin (11 ug ml' final), or SDP
(1 pg mi~" final) were mixed together in a final volume of 50 pl
and transferred into a capillary cuvette. The fluorescence was
monitored with a Fluoromax-4 spectrofluorometer at excita-
tion 544-10 nm and emission 660-10 nm. The representative
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curves shown were normalized so that each started at the
same level of fluorescence.

Quantification of DAPI and SYTOX Green
staining intensity

Cells used for DAPI and SYTOX Green guantification were
treated with the indicated compound for 20 min at 37°C priorto
immobilization on an agarose pad for fluorescence micros-
copy. The DAPI and SYTOX staining intensities are sensitive
to both cell parmeabilization and to chremosoms architecture.
Thus, more permeabilized cells show brighter staining, as do
more condensed chromosomes, which is why we show two
images. First, to show chromosome architecture in the panels
titled ‘DNA structure’, the DAPI| images were adjusted to allow
the optimal visualization of the chromosomes. Second, to
show staining intensity relative to untreated controls in the
panels titles ‘DAPI and Sytox intensity’, the DAP| and SYTOX
Green images were adjusted to normalize the brightness
relative to that of the brightest sample (nisin), based on
exposure length and intensity. This more accurately displayed
relative fluorescence intensities. Thus, the manner in which we
quantified the data in Fig. 5 primarily reflects uptake, since we
quantified total DAPI staining intensity per cell rather than per
area occupied by the chromosome.

Average DAPI and SYTOX Green fluorescence intensity/
pixel for each cell was calculated from non-deconvolved
images and the background values subtracted. A total of
= 100 cells were measured per treatment. Briefly, a polygon
was drawn in Image J using the membrane as a guide. To
calculate background fluorescence, polygons were drawn in
areas without cells. Values for DAP| and 8YTOX Green fluo-
rescence intensity/pixel were adjusted to reflect a 0.3 s expo-
sure time. Finally, the average fluorescence intensity for each
sample was divided by the average fluorescence intensity of
the appropriate solvent control.

Time-lapse microscopy

Time-lapse fluorescence microscopy (Becker and Pogliano,
2007) was conducted on concentrated microcultures treated
with 0.5% DMSO or 20 pg mi~' SDP at 37°C for 20 min. After
treatment, 3.0 pl of cells was added to 9.0 pl of a stain mix in
1x T-base, containing 0.67 ugmt' FM 4-64 and 0.67 pM
SYTOX Green, applied to agarose pads (1/5 LB, 0.3 ug mi’
FM 4-64, 0.5uM SYTOX Green) and grown at 30°C for
-~ 20 min prior to microscopy. Pictures were taken every
10 min for 2 h.

Statistical analysis

Viable cell counts after drug treatment (Figs 2C, 3K, 4D and
E): n = 3 separate experiments, the average value is plotted,
and error bars represent standard error. Spot assay viable
cell quantification (Fig. S1): bars represent the average of
n = 3 separate experiments. Error bars represent the stan-
dard deviation.
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Supplemental data

Quantification of the relative contribution of Sdpl and " to SDP resistance in
vivo

We investigated the relative contributions of ¢V and Sdpl to protection against
endegenously produced SDP by spotting wild type (PY79) or sdpABC (EH273) mutant
strains on lawns of wild type, sigW (ALB1039), sdpABCIR (ALB1088), and sigiW
sdpABCIR (ALB1142) double mutant strains. This produces halos of variable diameter
and variable clearness surrounding the spot (Fig. S1A). We noted that halos could be
obscured by swarming or swimming, and were therefore concerned that Killing of
bacteria in the lawn might be obscured by movement of bacteria from the spot into the
halo. We therefore specifically quantified colony forming units of the lawn bacteria by
plating on media containing an antibiotic the lawn bacteria are resistant to (MLS
(Asig), tetracycline (AsdpABCIR, AsdpABCIRAsigW), or spectinomycin (wf)) (Fig.S1B)
and we quantified total bacteria on media without antibiotics. This unambiguous assay
demonstrated that the siglW (ALB1039) single mutation did not reduce survival of the
lawn bacteria, whereas the sdpABC/R (ALB1088) mutation reduced survival by ~15
fold. However, the absence of both ¢ and Sdpl completely abolished survival of the
lawn. Thus, Sdpl is sufficient for protection against both purified and endogenously
produced SDP and ¢" contributes to SDP resistance in the absence of Sdpl.
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Figure $1: (A) The lawn assay for killing a bacterial lawn of the indicated genotype by
spots of wild type (+) or sdpABC (EH273) cultures (-). Halos indicative of killing are
observed in samples 3 and 4. Lawns were made by mixing 50 pl of exponentially
growing cells in LB (ODgpo = 0.3-0.6) with 3.5 ml 0.35% LB agar and pouring the mixture
onto LB plates. After the top agar solidified, 5 jl of exponentially growing cells were
spotted on top of the lawn and allowed to dry. The plates were then incubated overnight
at 30°C. (B) Survival of the lawn in (A) was quantified by excising an agar plug from the
center of each spot with a Pasteur pipet and resuspending the plug in 200 pl 1X T-base.
10-fold serial dilutions were made and spotted on plain LB ({to quantify total bacteria)
and LB containing the following drugs to quantify survival of the bacteria in the lawn:
methicillin-lincomycin (MLS) (AsigW), Tetracycline (AsdpABCIR, AsdpABCIRAsigWl), or
Spectinomycin (wf). The total CFU ml” (green) and lawn CFU ml"' (red) were calculated
after incubation. Error bars show the standard deviation of >3 experiments. Numbers on
the bars correspond to the spot assays in (A).
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Figure $2: SDP treated cells fail to divide. Timelapse microscopy of PY79 cells
treated with DMSO (A) or 20 yg ml™' SDP (B) for 20 min prior to growth on an agarose
pad without SDP at 30°C. Cells are stained with FM 4-64 (red) and SYTOX Green
(green).



# of cells

LU 1)
Fluorescen

10° 10* 10°
ce (arbitrary units)

DMSO

SDP 2 pg/ml

# of cells

e :
0 10? 10? 10t 10°

Fluorescence (arbitrary units)

DMSO
Nisin 5 pg/mi

94

Figure $3: Measurement of PMF collapse using flow cytometry. Flow cytometry
assay of DIBAC4(5) stained E. coli IptD4213 (NR698) cells. Cells were treated for (A) 60
min with DMSO (green), 20 pg ml"" SDP (dark orange), 6 ug ml'' SDP (light orange), 2
Hg ml”" SDP (red), or 0.6 ug ml™" SDP (pink), or for (B) 10 min with DMSO (green), or 5
Hg ml™' Nisin (purple) and subjected to flow cytometry. This experiment suggests that
the minimum concentration of SDP required to collapse the PMF in most cells (at least
temporarily) is 6 ug ml".
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Valinomycin + KCI

Figure S4: Effects of antibacterial compounds on B. subtilis cell architecture.
Fluorescence micrographs of cells treated identically to those in Fig. 3. (A) 0.5% DMSO
(B) 20 ug mI”" SDP (C) 100 uM CCCP10 (D) 2 mM DNP (E) 10 mM sodium azide (F) 10
ug mi™ nisin (G) 62.5 UM nigericin (H) 125 uM valinomycin with 200 mM KClI for 2 hr
(A-E, G-H), or 1 hr (F). Cells are stained with FM 4-64 (red), DAPI (blue), and SYTOX
Green (green), as in Fig. 1. Arrows indicate membrane vesicles. Scale bar represents 5
Mm.



Table S1: Effect of different concentrations of SDP on viability' of

B. subtilis strain PY79°

CFU (t)/CFU (o)

Treatment Ohr 1 hr O hr 1hr
DMSO 1.0 1.0 1.0 1.13
SDP 20 pg ml” 0.29 152 x 107 0.43 1.33x 107
SDP 10 pg ml™” 0.91 714 x10™ 0.83 0.80
SDP 5 g ml” 1.14 0.62 0.90 0.90

VWiability was determined as described in the materials and methods

section of the main paper.

“Two separate experiments were shown. In the first (left), the MIC was
10 ug ml™", whereas in the second (right), the MIC was 20 ug ml™.
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Chapter 3, in full, is a reprint of the material as it appears in Molecular
Microbiology 2012 (Vol. 84(3) pp. 486-500) and in the online supplement. I was the

primary author of this work, conducted all the experiments and made all of the figures.
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A. Abstract

Recent advances in natural product discovery have led to the isolation of a
plethora of new potentially bioactive natural products, many from interspecies
interactions. However, current technology for mechanism of action (MOA)
determination is not high-throughput enough to keep up with the rate at which natural
products are being isolated. This creates a bottleneck at the step of MOA
determination, which is crucial for understanding the role of these molecules in
interspecies interactions, or their potential as an antibiotic. Cytological profiling using
fluorescence microscopy was previously applied to determine the MOA of the
cannibalistic toxin SDP in B. subtilis. 1 here utilize cytological profiling on several
newly isolated natural products with unknown MOAs: a bromoalterochromide,
spirohexenolide A, chlorothricin, and stenothricin. I found that cytological profiling
can easily distinguish between the effects of each natural product, but only one of the
four possessed an easily distinguishable MOA. This molecule, a
bromoalterochromide, exhibited a cytological profile indistinguishable from nisin, and
thus I conclude that it acts through a MOA of pore formation. Testing of a crude
extract from the Pseudoalteromonas sp. that produces the bromoalterochromide
revealed a cytological profile the same as the bromoalterochromide. Although the
MOA of most of the natural products could not be identified, this study shows that
with a large enough range of control compounds, cytological profiling will be a viable
method of MOA determination, with applications as early in the process of natural

product discovery as the screening of crude extracts for antimicrobial activity.



100

B. Introduction

Microbes have long been a source of natural products with useful bioactive
properties, such as those used as antibiotics. In recent years, innovations in sequencing
technologies have allowed rapid sequencing of whole genomes, and mining of these
genomes has resulted in the realization that the genetic potential for natural product
production in microbes is almost limitless (1-3). The number of molecules that a
single microbe can produce is staggering. A good representative of this fact is
Streptomyces coelicolor A3(2). Analysis of the genome sequence of S. coelicolor
revealed 30 gene clusters predicted to produce natural products, only a fraction of
which had been characterized (1). The collection of small molecules produced by a
species has been termed the parvome (from the Latin parvus for small) (4, 5). The
molecules that comprise the parvome function in all aspects of microbial life,
including biofilm formation, cell differentiation, and interspecies signaling or
competition (4-8).

New ways to identify these small molecules in the context of a colonies or
interspecies interactions have been made possible through recent advancements in
mass spectrometry (MS) techniques such as MALDI-TOF IMS (matrix assisted laser
desorption ionization-time of flight imaging mass spectrometry) and nanoDESI (nano-
spray desorption electrospray ionization) (9, 10). MS data can be accompanied with
bioinformatics techniques to determine the identity of each ion observed during MS
data collection and has led to the isolation and structural characterization of a plethora

of new potentially bioactive compounds (11, 12). These new molecules have been
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isolated because they either are known to have interesting bioactive properties or
because their distribution in an interspecies interaction implies bioactive properties.
However, the role of many of these molecules in interspecies interactions remains
unclear. Indeed, even for those compounds that inhibit the growth of competing
species, a bottleneck remains in identifying their specific cellular target or their
mechanism of action (MOA). Determination of a MOA can provide a variety of clues
as to the function of the molecule in the environment, as well as its potential for
development as an antibiotic. With so many new molecules being isolated, there is a
need for a simple and high-throughput method for quickly determining the MOA of
these molecules in a way that utilizes a minimal amount of compound. This would
allow molecules of particular interest to be identified as quickly as possible so they
can be pursued further.

A microscopy-based method of MOA determination has been effectively
demonstrated in eukaryotic cells utilizing microscopy of cells with various stains as an
output (13, 14). These stains allow for the measurement of the effects of drugs on
variables including, but not limited to, DNA content, organelle shape and size,
microtubule architecture and protein synthesis. This data can then be quantified and
compared to that of cells treated with compounds with known MOAs. If the data from
a compound matches to the data of a control compound, then a MOA can be assigned
and more targeted studies performed (13, 14). This method, termed cytological
profiling, is high-throughput and is attractive as a method to be adapted for use with
prokaryotes. In Chapter 3, I used cytological profiling in Bacillus subtilis to determine

the MOA of the cannibalistic toxin sporulation delaying protein (SDP) produced by B.
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subtilis. Through the use of high magnification and resolution fluorescence
microscopy to compare the effects of SDP on cell architecture to the effects of other
antibiotics, in conjunction with traditional PMF assays, I showed that SDP acts by
collapsing the PMF of susceptible Gram-positive species. These studies demonstrated
that cytological profiling works on B. subtilis cells as well as eukaryotic cells, given a
microscopy system of sufficient resolution and a robust method to keep cells alive
during imaging, which is non-trivial in bacteria.

I here apply this powerful technique to the study of several interesting
molecules. The first is a bromoalterochromide produced by a Pseudoalteromonas sp.
isolated from a soft coral (Fig. 4.1). Bromoalterochromides were first isolated from
Pseudoalteromonas maricaloris and are commonly produced by Pseudoalteromonas
sp, but so far as we know, they have not been tested for activity against bacteria (15,
16). The second molecule is spirohexenolide A, a spirotetronate antibiotic produced by
Streptomyces platensis that has shown both anti-tumor and anti-bacterial activities
(Fig. 4.1) (17). The third is chlorothricin, another member of the spirotetronate family
that early results suggested inhibits bacterial pyruvate carboxylase and potentially
interacts with phospholipid tails in the membrane (Fig. 4.1) (18, 19). Lastly, I look at
stenothricin, a lipopeptide first isolated and characterized from Streptomyces griseus
(20), and produced by some Bacillus isolates (21). The stenothricin we test (Fig. 4.1),
is one of three species of stenothricins that differ in lipid chain length isolated from
Streptomyces roseosporus, which also produces the antibacterial compound
arylomycin and the clinically relevant antibiotic daptomycin (11). The cytological

profiling of these molecules demonstrates the technique’s ability to easily distinguish
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the effect of the molecules, although there is not yet enough data to identify the MOA

of all the molecules.
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Figure 4.1 Structures of compounds used in this study.

C. Materials and Methods

Strains and culture conditions

The strains used in this chapter are PY79, a prototrophic B. subtilis laboratory
strain (22) and Escherichia coli NR698 (23), a MC4100 /ptD mutant also referred to
as imp4213 in the literature. All B. subtilis cultures were grown in LB medium at

37°C, except for cultures to be treated with daptomycin, which were supplemented
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with 50 pg/ml CaCly. E. coli IptD cultures were grown in LB at 30°C. Stock solutions
of compounds were prepared using the following concentrations and solvents: 9
mg/ml bromoalterochromide (100% DMSO), 22 mg/ml OT59 extract (100% DMSO),
500 pg/ml nisin (10% DMSO, Sigma), 400 mM DNP (100% DMSO, Sigma), 10 mM
spirohexenolide A (100% DMSO, purified as described in(17)), 5 mg/ml chlorothricin
(100% DMSO, Santa Cruz Biotechnology), 5 mg/ml vancomycin (water, Sigma), 5
mg/ml daptomycin (water, Cubist), 100% Triton X-100 (Sigma), 400 pg/ml
stenothricin (10% DMSO). Stenothricin and the bromoalterochromide were provided
by the lab of Dr. Pieter Dorrestein; Spirohexenolide A was provided by the lab of Dr.
Michael Burkart.
Fluorescence microscopy

For the bromoalterochromide studies, cells were cultured for fluorescence
microscopy as described in (24). Compounds were used at the following final
concentrations: 0.83% DMSO, 75 pg/ml, 25 pg/ml, or 83 pg/ml
bromoalterochromide (as indicated), 1.1 mg/ml OT59 crude extract, 10 mM DNP, 10
pg/ml, 3 pg/ml, or 1 pg/ml nisin (as indicated). 15 pl concentrated cultures were
incubated in 1.7 ml tubes in a roller at 37°C. Samples were collected for imaging at 20
minutes. 3 pl of cells were added to 0.75 pl of a stain mix containing 30 pg/ml FM 4-
64, 2.5 uM SYTOX green and 1.2 pg/ml DAPI prepared in 1X T-base. Cells were
immobilized on an agarose pad (10% LB, 1% agarose, 0.375 pug/ml FM 4-64, 0.025
pg/ml DAPI) prior to microscopy. DAPI images were collected, but are not shown.

For the spirotetronate studies E. coli IptD cells were cultured overnight in LB,

and the culture was diluted 1:100 to inoculate 20 ml LB in a flask at 30°C. 100-500 pl
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of culture were then transferred to a 13 mm glass test tube and the appropriate amount
of compound added. Compounds were used at the following final concentrations (5X
the MIC, except for DMSO): 2.5% DMSO, 250 uM spirohexenolide A, 10 pg/ml
chlorothricin, 2.5 pg/ml nisin. Tubes were incubated at 30°C in a roller. Samples were
stained with 1 pg/ml FM 4-64, 2 pg/ml DAPI and 0.5uM SYTOX green, then spun
down and concentrated ~10X prior to collecting for imaging at 30 and 120 minutes.
Cells were immobilized on an agarose pad (20% LB, 1.2% agarose) prior to
microscopy.

B. subtilis cells were cultured for fluorescence microscopy as follows. Cells
were cultured in LB at 37°C in a flask until 0.2 ODgg. 100-500 pl of culture were then
transferred to a 13 mm glass test tube and the appropriate amount of compound added.
Compounds were used at the following final concentrations (5x the MIC, except for
DMSO): 0.6% DMSO, 60 uM spirohexenolide A, 62.5 pg/ml chlorothricin, 7.5 mM
DNP, 10 pg/ml nisin. Tubes were incubated at 37°C in a roller. Samples were
collected for imaging at 20 minutes and 60 minutes, concentrated approximately 10
times, and 3 pl of concentrated cells were added to 0.75 pl of the stain mix listed
above. Cells were immobilized on an agarose pad (10% LB, 1% agarose, 0.375 pg/ml
FM 4-64, 0.025 pg/ml DAPI) prior to microscopy.

For the stenothricin studies, cells were cultured for fluorescence microscopy as
follows. A pre-culture was grown to ~0.2-0.4 ODgq for B. subtilis or to saturation for
E.coli IptD, then diluted 1:100 into 20 ml LB. For cultures to later be treated with
daptomycin, 90 ul of 100 mM CaCl, was added at this stage (final concentration 50

pg/ml). Flasks were incubated at 37°C until 0.2 ODggo. Cultures were then mixed with
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the appropriate amount of compound. Compounds were used at the following final
concentrations: 0.5% DMSO, 20 pg/ml, 10 pg/ml, 5 pg/ml, or 2 pg/ml stenothricin (as
indicated), 1.5 pg/ml vancomycin, 0.1% or 0.5% Triton X-100 (as indicated), 6 ng/ml
nisin, 10 pg/ml daptomycin. 15 pl of treated cells were transferred into a 1.7 ml tube
and incubated at 37°C in a roller. Samples were collected for imaging at 20 minutes. 6
ul of cells were added to 1.5 pl of dye mix (described above) and immobilized on an
agarose pad (20% LB, 1.2% agarose, 0.375 pg/ml FM 4-64, 0.025 pg/ml DAPI) prior
to microscopy.

All microscopy was performed on an Applied Precision Spectris microscope as
described in (25). Images were deconvolved using softWoRx V 5.5.1 and the medial
focal plane shown. In figure 4.5, SYTOX intensity in the SYTOX intensity panels was
normalized within the figure, and in figure 4.6, the DAPI and SYTOX green images
were normalized within the figure based on intensity and exposure length relative to
the treatment with the highest fluorescence intensity.

Viable cell counts

Viable cell counts were obtained through dilution and plating of cells from the
same culture as those subjected to microscopy. Ten-fold serial dilutions were made at
the indicated time in 1X T-base and spotted onto LB plates. Colonies were counted
after growth and colony forming units (CFU) per ml calculated. Shown is the ratio of
CFU at time x [CFU(tx)] to CFU of the control at to [CFU®(ty)]. Graphs with error bars

indicate the standard error of at least three separate experiments.

D. Results
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Cytological profiling of a bromoalterochromide

The bromoalterochromides are a structurally unique family of compounds that
has not been tested for activity against bacteria, and thus no MOA data is available
(15, 16). To determine the MOA of the bromoalterochromide purified from a
Pseudoalteromonas sp. by Pieter Dorrestein’s lab, we employed cytological profiling
in conjunction with viable cell counts to determine the minimal concentration
necessary to affect growth and viability. Concentrated B. subtilis cultures were treated
with different amounts of the molecule, fluorescence microscopy was performed to
examine the physiological effects it had on cell morphology, and viable cell counts
were used to determine if cell death was induced at the different concentrations.
Treatment with 75 pg/ml of the bromoalterochromide resulted in a greater than 3-log
drop in viability at the initial timepoint (0 hr) (Fig. 4.2A squares). Treatment with 25
pg/ml resulted in an initial drop of viability of only 1-log, but a drop of over 3-logs by
one hour (Fig 4.2A circles). The 3-log drop in viability might have occurred on a
shorter timescale than an hour, but due to the small quantities of the
bromoalterochromide, and its extreme sensitivity to light and oxidation, only a limited
number of experiments could be performed and I was unable to test viability at a
timepoint between zero and one hour. Treatment at 8.3 pg/ml resulted in an initial
viability drop similar to than seen with a concentration of 25 pg/ml, but with rapid
recovery (Fig 4.2A asterisks). Thus, under the conditions tested, the minimal
bactericidal concentration (MBC) of the bromoalterochromide was 25 pg/ml.

Cells treated with the bromoalterochromide at 3X the MBC (75 pg/ml) were

uniformly permeabilized to SYTOX green within 20 minutes and possessed aberrant
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Figure 4.2 Effects of the bromoalterochromide and other antimicrobials on B. subtilis viability
and cell architecture. (A) Effects of different amounts of bromoalterochromide and 1.1 mg/ml
OT59 crude extract on PY79 cell viability. (B) Effects of different amounts of nisin on PY79 cell
viability. Cell viability is shown as the ratio of colony-forming units (CFU) at the indicated time and
treatment to the CFU at t, for the control (CFU®). C-M Fluorescence micrographs of growing PY79
cells treated with (C,H) 0.83% DMSO (D,K) 10 mM DNP (E,I) 10 pg/ml nisin (F,L) 75 pg/ml
bromoalterochromide (G) 1.1 mg/ml OT59 crude extract (J) 1 pg/ml nisin (M) 25 pg/ml
bromoalterochromide for 20 min. Cells are stained with FM 4-64 (red), and SYTOX green (green).
SYTOX green is membrane impermeable and only stains cells with compromised membranes. Scale
bar represents 1 pm (A) or 5 um (H).
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septa and membrane blobs identical to those seen in cells treated with nisin (Fig
4.2F,L). The only other compound tested so far, other than nisin, that induced uniform
SYTOX green permeability is the detergent Triton X-100 (Fig 4.6K,L), but this
produces large internal membrane accumulations seen in neither nisin nor
bromoalterochromide treated cells. The viability curves were also similar to nisin,
since cells treated with both compounds at 3X above the MBC were rendered inviable
within the first few minutes (Fig 4.2A squares, B triangles). Treatment with a lower
concentration of the bromoalterochromide (25 pg/ml) resulted in only a fraction of the
cells becoming permeabilized to SYTOX green within 20 minutes (Fig 4.2M), similar
to the pattern seen with a low concentration of nisin (Fig 4.2J). These similarities
suggest that the bromoalterochromide acts in a manner similar to nisin, rapidly
forming pores in the membrane large enough for SYTOX green (MW = ~600) to pass
through.
Mechanism of action determination from a crude extract

Purification of a compound is a lengthy and expensive process. We therefore
tested whether the MOA of a compound of interest could be determined directly from
a crude extract, allowing the processes of MOA determination and activity guided
purification to occur simultaneously. Concentrated cultures were treated with a crude
extract from the Pseudoalteromonas sp. that produces the bromoalterochromide. Mass
spectrometry in Pieter Dorrestein’s lab showed that this extract contained the
bromoalterochromide, as well as a variety of other bromoalterochromides and several
other molecules (Fig 4.3). Cells treated with this crude extract looked identical to

those treated with the bromoalterochromide alone (Fig 4.2G) and exhibited the full
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extent of the viability drop at the initial timepoint (Fig 4.2A triangles), thus giving
validity to the idea of using crude extracts in cytological profiling to screen for

molecules of interest.
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Figure 4.3. Mass spectra of OT59 crude extract

Cytological profiling of spirotetronate compounds

Spirohex A

Figure 4.4 Effects of antimicrobials on E. coli cell architecture. A-H Fluorescence micrographs
of growing E. coli IptD cells treated with (A,E) 2.5% DMSO (B,F) 2.5 pg/ml nisin (C,G) 10 pg/ml
chlorothricin (D,H) 250 pg/ml spirohexenolide A for 30 min (A-D) or 2h (E-H). Cells are stained
with FM 4-64 (red) and SYTOX green (green, A-D) or DAPI (blue, E-H). Scale bar represents 1
UM.

The spirotetronate antibiotics are a class of antibiotics effective against Gram-

positive bacteria. Chlorothricin is the only member with proposed MOAs, inhibition
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Figure 4.5 Effects of antimicrobials on B. subtilis viability and cell architecture. (A) Effects of
chlorothricin and spirohexenolide A on PY79 viability. Cell viability is shown as the ratio of colony-
forming units (CFU) at the indicated time and treatment to the CFU at t, for the control (CFU®). B-J.
Fluorescence micrographs of growing PY79 cells treated with (B,C) 0.6% DMSO (D,E) 60 uM
spirohexenolide (F,G) 62.5 pg/ml chlorothricin (H,I) 7.5 mM DNP (J) 10 pg/ml nisin for 20 min
(B,D,F,H,J) or 60 min (C,E,G,I). Cells are stained with FM 4-64 (red) and DAPI (blue, DNA
structure panels) or SYTOX green (green, SYTOX Intensity panels). SYTOX green is membrane
impermeable and only stains cells with compromised membranes. Scale bar represents 1 pm.
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of pyruvate carboxylase (26, 27) and interaction with the hydrophobic tails of
phospholipids in the membrane (19). However, pyruvate carboxylase inhibition is
unlikely to be the mechanism by which chlorothricin kills bacteria in LB, since the
enzyme is not necessary for growth in rich medium (28). Poochit Nonejuie in Joe
Pogliano’s lab performed cytological profiling of spirohexenolide A and chlorothricin
using the E. coli IptD mutant (also referred to as imp4213). The results at an early
timepoint (30 minutes) indicated that both seemed to act in a manner similar to nisin,
rapidly permeabilizing many of the cells to SYTOX Green (Fig 4.4B-D).

To further investigate and validate the MOA of spirohexenolide A and
chlorothricin, I conducted cytological profiling in B. subtilis using exponentially
growing cells in conjunction with viable cell counts of the cultures. After
spirohexenolide A and chlorothricin treatment at 5X the MIC, viability dropped less
than a log initially, with additional drops of 4-logs by one hour (Fig 4.5A asterisks and
squares). This is in contrast to nisin treated cells, which are rendered inviable by the
initial timepoint (Fig 4.6B Xs). Thus, both compounds take longer to kill B. subtilis
cells than nisin.

Cytological profiling demonstrated that cells treated with spirohexenolide A at
5X the MIC showed no SYTOX green permeability at 20 minutes, and very little by
one hour (Fig 4.5D,E), in contrast to cells treated with nisin, which are uniformly
permeabilized within 20 minutes (Fig 4.5J). Additionally, no lysis was observed in the
spirohexenolide A treated cells (Fig 4.5E), in contrast to cells treated with either nisin
or with any compound that collapses the PMF (Fig 4.5I). The spirohexenolide A-

treated cells appeared somewhat elongated at both timepoints, and they contained
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membrane vesicles somewhat smaller than those observed in vancomycin-treated cells
(Fig 4.5D,E). Treatment with higher concentrations of spirohexenolide A did not
produce a more rapid loss of viability or an increase in the number of cells
permeabilized to SYTOX green (not shown). Furthermore, although spirohexenolide
A collapsed the PMF of E. coli IptD within 10 minutes of treatment (not shown), I was
unable to demonstrate a PMF collapse in B. subtilis cells under our assay conditions
(data not shown). These data suggest that spirohexenolide A kills B. subtilis cells by a
different mechanism than that demonstrated for E. coli (production of membrane
channels). Further experiments are required to identify the MOA in B. subtilis.

Treatment of exponentially growing B. subtilis with 5X the MIC of
chlorothricin resulted in 34% of the cells being permeabilized to SYTOX green (Fig
4.5G); treatment with chlorothricin at 10X the MIC did not increase permeabilization
(not shown). Chlorothricin treated cells also produced membrane blobs, mostly at
newly initialized septa and near the cell poles after 20 minutes of treatment (Fig 4.5F).
Many of the permeabilized cells had begun lysing by one hour in a manner similar to
cells treated with compounds that collapse the PMF (Fig 4.5G), although the lysis
occurred at an earlier timepoint than we see with PMF collapsing compounds such as
DNP. Thus, chlorothricin causes rapid permeabilization of a fraction of the cells, and
the remaining cells are elongated with membrane vesicles, ultimately undergoing
autolysis. This combination of cytological effects is unlike other compounds I have
tested so far.

A previous study demonstrated that in model membranes chlorothricin

interacts with the hydrocarbon chains of the phospholipids and thus one of the
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mechanisms of chlorothricin might be targeted at the membrane (19), which could
account for the lysis. The cells showed a mixture of permeabilized cells with
compacted DNA and non-permeabilized cells with fairly diffuse DNA at 20 minutes
and an hour (Fig 4.5F,G), indicating the possibility of a dual MOA. Interestingly,
heterogeneity of cell size is seen with E. coli IptD after two hours of treatment (Fig.

4.4G), suggesting that the compound might have a dual MOA in both species.
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Figure 4.6 Effects of stenothricin and other antimicrobials on B. subtilis viability and cell
architecture. (A) Effects of different amounts of stenothricin on PY79 cell viability. (B) Effects of
control treatments on PY79 viability. Cell viability is shown as the ratio of colony-forming units
(CFU) at the indicated time and treatment to the CFU at t, for the control (CFU"). Error bars show
the standard error of >3 experiments. C-L Fluorescence micrographs of growing PY79 cells treated
with (C) 0.5% DMSO (D) 20 pg/ml stenothricin (E) 10 pg/ml stenothricin (F) 5 pg/ml stenothricin
(G) 2 pg/ml stenothricin 1132 (H) 10 pg/ml daptomycin (I) 6 pg/ml nisin (J) 1.25 pg/ml
vancomycin (K) 0.1% Triton X-100 (L) 0.5% Triton X-100 for 20 minutes. Cells are stained with
FM 4-64 (red), DAPI (blue), and SYTOX green. SYTOX green is membrane impermeable and only
stains cells with compromised membranes. Scale bar represents 2 um.
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Cytological profiling of stenothricin

The only previous publication on stenothricin (20) failed to detect activity
against their B. subtilis strain in a filter disk assay (20), but we were able to see
activity under our conditions. Specifically, we found that treatment of cells with 20
pg/ml stenothricin caused viability to irreversibly drop 3 logs by one hour, while
treatment with 10 pg/ml caused a transient drop in viability, and 5 pg/ml caused a
slight lag in growth (Fig 4.6A). Clearly, stenothricin is bactericidal to B. subtilis cells,
in contrast to the early publication. It remains unclear if this is due to a difference in
the chemical structures of the stenothricin, the B. subtilis strains, or a lack of
sensitivity in the previously used disk assay.

We next performed cytological profiling of stenothricin on exponentially
growing microcultures of B. subtilis. Treatment with 20 pg/ml stenothricin for 20
minutes resulted in cells with membrane staining throughout the cell and compact
chromosomes that weakly stained with DAPI and SYTOX green (Fig 4.6D). Weak
DNA staining is generally observed when the cells are especially damaged and there is
much debris from lysis. The weak staining could be due to low concentrations of DNA
due to diffusion of degradation, or the properties of DNA binding of the dyes when the
cell has equilibrated with the outside environment. The membrane staining throughout
the cell appears to be due to detachment of the cell membrane from the peptidoglycan
and possible solubilization of the membrane, since the cells appear smaller and the
septa are unstained. As the concentration of stenothricin is lowered, viability drops
less, producing a transient growth arrest at 5 pg/ml (Fig 4.6A Xs). At this

concentration, the majority of cells have lost the cytoplasmic membrane staining
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phenotype. Instead, they are permeabilized to SYTOX and show large membrane
blobs and internal vesicles (Fig 4.6F), similar to those seen with vancomycin and
detergent treatment (Fig 4.6J-L). These cells are growth arrested but have not
undergone the greater than a log drop in viability seen at the higher concentrations, so
it is not clear if these cytological effects represent the lethal effect of stenothricin. We
also compared stenothricin treated cells to those treated with another antibiotic
produced by the same species, daptomycin, at 3X the MIC and found that daptomycin
produced elongated cells containing small membrane vesicles, with some of the cells
permeabilized to SYTOX (Fig 4.6H).

None of the compounds I have tested so far, nor any tested by Poochit
Nonejuie in his systematic tests in E. coli, produce cells with membrane staining
throughout the cell as seen in the 20 pg/ml stenothricin treated cells (Fig 4.6D).
Indeed, levels of detergent (Triton X-100) higher than the bactericidal concentration
produce in patchy membrane throughout the cell (Fig 4.6L), rather than the consistent
levels seen in cells treated with 20 ug/ml stenothricin. However, we need to profile a
cationic detergent, since stenothricin is a cationic lipopeptide, while triton is nonionic.

Thus, my studies to date suggest that stenothricin has a unique MOA.
E. Discussion

This study demonstrates the potential of cytological profiling for MOA
determination in bacteria, however the technique it is still in its infancy. We were able
to demonstrate that the MOA of a bromoalterochromide is pore-formation, and we

could detect this activity in a crude extract. Identifying activities in crude extracts
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could be of great use in the screening of extracts for interesting MOAs, and for
guidance during purification. In some cases, an activity might be detectable by
cytological profiling at a sub-MIC level of compound that would not be detected in
standard activity assays that only take into account growth inhibition. For example, if
high enough levels of stenothricin for growth inhibition were not obtained in a crude
extract, no activity would be detected, but in our cytological profiling experiments, we
were able to see an effect at levels below the bactericidal concentration (Fig. 4.6F). A
common screening method is to design screens to detect activity against a specific
cellular target, therefore limiting discovery to a narrow range of molecules. However,
cytological profiling provides a way to screen for all MOAs in the same assay and to
identify some activities prior to purification. Thus, the technique provides a more
general screen that will allow the discovery of molecules with new activities against
intact bacterial cells.

Although cytological profiling is a powerful technique, it clearly requires
additional development. I was only able to unambiguously identify the MOA of one
out of the four molecules I tested, however, this is likely due to the youth of the
technique and will likely be overcome merely by profiling a larger variety of
compounds with known MOAs (an effort underway in both E. coli and B. subtilis). |
am confident that once a large library of control compounds has been screened, the
MOA of a much larger fraction of the natural products we are given will be easily
identified. This has been successfully done in eukaryotes (13, 14), and though bacteria
are less architecturally complex than eukaryotes, we have shown that the effects of

different compounds on cell architecture are still easily distinguishable. The resulting
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data will provide a reference set against which new compounds can be compared in
the future. We can also use our data to eliminate MOAs we have already profiled, still
giving us valuable information.

As seen through the examples of spirohexenolide A and chlorothricin, not all
compounds have the same effect in different organisms. We’ve previously found that
compounds that collapse the PMF induce autolysis in B. subtilis, but E.coli does not
lyse even though the MOA of the compounds is the same in both species (24). In the
case of spirohexenolide A and chlorothricin though, the MOA prediction based on the
two species does not agree. At this point in time, we do not know if spirohexenolide A
and chlorothricin are exhibiting different MOAs in E.coli than in B. subtilis, or if it is
an artifact of using a strain of E. coli with a defective outer membrane. This requires
us to be careful in our conclusions, but can also provide a greater level of information
to help us tease apart the difference in MOA between compounds. Most of the
standard antibiotics we use do have consistent phenotypes between B. subtilis and E.
coli IptD, and thus profiling in both organisms provides a wealth of information. It is
obvious from our experience with these new molecules that there is enormous
untapped potential out there for molecules that have unique MOAs, many of which
could be developed as antibiotics and provide much needed new scaffolds for

antibiotic development.
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Proteins in the YidC/Oxal/Alb3 family have essential
functions in membrane protein insertion and folding.
Bacillus subtilis encodes two YidC homologs, one that is
constitutively expressed (spolllJ/yidC1) and a second
(ygiG/yidC2) that is induced in spolili mutants. Regu-
lated induction of yidC2 allows B. subtilis to maintain
capacity of the membrane protein insertion pathway.
We here show that a gene located upstream of yidC2
(mifM/yqzJ) serves as a sensor of Spolll] activity that
regulates yidC2 translation. Decreased SpolllJ levels or
deletion of the MifM transmembrane domain arrests
mifM translation and unfolds an mRNA hairpin that other-
wise blocks initiation of yidC2 translation. This regulated
translational arrest and yidC2 induction require a specific
interaction between the MifM C-terminus and the riboso-
mal polypeptide exit tunnel. MifM therefore acts as a
ribosome-nascent chain complex rather than as a fully
synthesized protein. B. subtilis MifM and the previously
described secretion monitor SecM in Escherichiz coli
thereby provide examples of the parallel evolution of two
regulatory nascent chains that monitor different protein
export pathways by a shared molecular mechanism.
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Introduction

Approximately 30% of cellular proteins are translocated
across or inserted into the membrane using a conserved
and essential membrane translocation apparatus. In the
FEubacteria, movement of proteins across the membrane
depends on three integral membrane proteins that assemble
a protein-conduecting channel, SecY and 8ecE, which are
present in all cells, and SecG, which is replaced by Secelfp
in eukaryotes and archaea (reviewed by Pohlschroder et al,
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2005; Papanikou et al, 2007; Rapoport, 2007; Driessen and
Nouwen, 2008). Bacterial protein secretion depends on the
SecA ATPase, which functions as a motor to translocate
secreted proteins through the S8ecYEG channel. The insertion
of integral membrane proteins into the membrane is also
essential and the machinery for this process partially overlaps
with the secretory apparatus: most substrates seem to require
the SecYEG protein-conducting channel, but only substrates
with large extracellular domains require the SecA ATPase for
membrane insertion (Kol et al, 2008; Xie and Dalbey, 2008).
The membrane insertion of many proteins also requires YidC,
a conserved membrane protein in the YidC/Oxal/Alb3 family
that is required for membrane protein insertion and assembly
of membrane protein complexes in bacteria, mitochondria
and chloroplasts (Yi and Dalbey, 2005; van der Laan et al,
2005, Kiefer and Kuhn, 2007). Biochemical experiments
suggest that some membrane proteins first interact with the
SecYEG channel and are later transferred to YidC for integra-
tion into the lipid bilayer or for folding into functional state
(Urbanus ef al, 2001; van der Laan et al, 2001). However,
certain membrane proteins that lack large extracellular do-
mains are inserted into the membrane in a manner that
depends on YidC but not on SecYEG, suggesting flexibility
in the pathway for membrane protein biogenesis (Kiefer and
Kuhn, 2007; Xie and Dalbey, 2008). The cryoelectron micro-
scopy images of YidC (Lotz et al, 2008; Kohler ef al, 2009) and
the ability of purified YidC to insert certain proteins into the
membrane in the absence of the Sec proteins (Serek et al,
2004; van der Laan et al, 2004), suggest that YidC provides a
second protein-conducting channel.

The essentiality of protein secretion and membrane protein
biogenesis makes it likely that all cells can respond to
decreased secretion capacity by either prioritizing certain
substrates, as in eukaryotes (Kang et al, 2006; Oyadomari
et al, 2006; Hegde and Kang, 2008), or by increasing the
secretion capacity of the cell. Indeed, Escherichia coli and
closely related hacteria have a feedback mechanism to main-
tain cellular protein secretion capacity by increasing SecA
translation when the SecYEG pathway is compromised
(Oliver and Beckwith, 1982; Schmidt and Oliver, 1989).
This feedback mechanism depends on a gene located up-
stream of secA, secM, that acts as a ribosome-nascent chain
complex to monitor protein secretion capacity (McNicholas
et al, 1997, Schmidt et al, 1988; Nakatogawa and Ito, 2001,
2002). Prior data suggested that Bacillus subtilis cells might
have the ability to monitor the YidC-dependent membrane
protein insertion pathway (Rubio et al, 2005). Specifically,
B. subtilis, like many other Gram-positive bacteria, encodes
two YidC homologs (Spollll and YqjG) either of which
can support viability (Murakami ef al, 2002; Tjalsma et al,
2003). However, the role of these proteins in B. subtilis
remains unclear (Murakami et al, 2002; Tjalsma et al,
2003), in contrast those encoded by Streptococcus mautans,
which clearly has a role in membrane protein insertion
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(Hasona et al, 2005; Dong et al, 2008; Funes et al, 2009). The
B. subtilis spolll7 gene is likely the primary yidC homolog
(YidC1), because it is constitutively expressed and located in
a similar chromosomal context as E. coli yidC (Errington et al,
1992). The second yidC homolog (ygjG; here renamed yid(C2)
is likely the backup system for spoilll (yidC1), because it is
induced in spolll/ mutants (Rubio et al, 2005). This latter
observation suggests that B. subtilis has a mechanism by
which it can sense changing SpolllJ activity and increase
YidC2 levels as needed to maintain appropriate cellular levels
of YidC activity.

We here describe the mechanism by which B. subtilis
monitors Spolll] (YidCl) activity. Specificially, we show
that YidC2 induction involves the product of the upstream
gene, ygzJ, which is in an operon with yidC2, and an mRNA
hairpin that occludes the yidC2 Shine-Dalgarno (SD) site.
The ygzi gene encodes a small membrane protein with an
N-terminal transmembrane (TM) segment that is a likely
substrate of SpolllJ (Xie and Dalbey, 2008). YqzJ also has a
C-terminal translational arrest domain that interacts with
the ribosomal polypeptide exit tunnel to induce a stable
translational arrest when Spollll is absent or limiting. This
translational arrest positions the stalled ribosome over
the 5 region of the mRNA hairpin, thereby exposing the
yidC2 3D site and allowing increased translational initiation.
Membrane insertion relieves the translational arrest, so when
membrane protein insertion is inhibited, the hairpin remains
unfolded for longer periods of time, allowing additional
YidC2 to be synthesized until cellular membrane protein
insertion capacity is restored. Thus, YqzJ acts as a cellular
monitor of SpolllJ-dependent membrane protein insertion
while it is a ribosome-nascent chain complex, rather than
as a fully synthesized protein.

The regulatory mechanism we describe bears striking
similarities to the E. colf protein secretion monitor SecM.
We therefore propose renaming ygzf as mifM, for membrane
protein insertion and folding monitor. However, genomic and
sequence comparisons between MifM and SecM reveal that
the translational arrest motifs of these two regulatory pro-
teins share no detectable sequence similarity and that they
are found in different bacterial kingdoms. This suggests that
SecM and MifM are independently evolved ribosome-nascent
chain sensors that use a common molecular mechanism
to monitor different protein export pathways.

Results

Disruption of spolilJ upregulates yidC2 expression

at the translational level

To understand the mechanism of yidC2 (ygiG) induction in
spoilll mutants, we first investigated whether regulation
occurs at the level of transcription, translation or protein
stability. The yidC2 gene is in an operon with the ORF ygzJ
(here renamed mifM, as described below), which encodes a
95 amino acid protein (Figure 1A). As shown earlier (Rubio
et al, 2005), an in-frame fusion of lacZ to the stop codon of
yidC2 (yidC2*°-lacZ; Figure 1Aa) exhibits elevated p-galac-
tosidase activity in spolllJ strains (Figure 1Ba). This was also
the case for an in-frame fusion of lacZ after the 6th codon of
yidC2 (yidC2°-1acZ; Figure 1Ab and Bb), so it is unlikely that
YidC2 induction is due to increased proteolytic stability of
YidC2 in the absence of 8pollll. If yidCZ induction occurs by
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modulating mifM—-yidC2 transcription or mifM translational
initiation, then an in-frame fusion of lacZ after the 5th codon
of mifM (mifM°-lacZ: Figure 1Ac) should also show elevated
f-galactosidase activity in spolllJ strains. However, identical
levels of p-galactosidase activity were observed in the
wild-type and spolili strains with the mifM -lacZ fusion
(Figure 1Bc). Thus, the absence of Spolll] is [ikely to induce
yidC2 translation in a manner independent of mifd] transerip-
tion and translational initiation.

mifif translation disrupts a stem loop that blocks yidC2
transiation
To further understand the mechanism by which yidC2 is
regulated, we performed a genetic screen to isolate mutants
that induce yidC2. A strain containing the yidC2%-lacZ fusion
was mutagenized with NTG (N-methyl-N"-nitro-N-nitrosogua-
nidine) and plated on DSM plates containing the p-galactosi-
dase indicator XG. Blue, Lac+ colonies were picked and
purified. Of the 150 Lac+ mutants, 37 contained mutations
in spolllf and 17 were 100% linked to the yidC2°-iacZ
reported gene. DNA sequence analysis revealed that eight
of the spollll mutations altered the SD sequence (Supple-
mentary data), suggesting that reducing the level SpolllJ
protein {s sufficient to induce yidC2. All of the mutations
linked to yidC®~lacZ were within the upstream ORF, mifM.
Ten mifM mutants had the same point mutation, a G-A
transition at nucleotide 16, causing a glutamate to lysine
substitution at the 6th amino acid of MifM; hereafter referred
to as the class I mutation. The remaining seven mutations
were at three sites near the 3 end of mifM, C275T (Ser92Thr),
C277T (Leu93Phe) or C280T (Leu%4Phe); hereafter referred
to as the class Il mutations. These results suggested that mifM
has an important function in regulation of yidC2 expression.
Examination of the 5 end of yidC2 revealed a potential
stem loop that could mask the yidC2 SD site (Figure 1C). The
5 half of the stem loop is located within the 3’ end of mifM,
where the class II mutations are located (Figure 1C).
We therefore hypothesized that the stem loop repressed the
initiation of yidC2 translation. In keeping with this idea, all
class II mutations disrupt G-C pairing of the stem loop,
suggesting that the mutations destabilize the structure, there-
by leading to high-level constitutive expression of yidC2.
To test this model, we introduced silent mutations that
disrupt the structure without changing the MifM amino acid
sequence (yidC2°~lacZ({Astem); Figure 1Df). Disrupting the
stem loop indeed caused high-level constitutive expression of
yidC2 in wild-type and spolllJ strains (Figure 1E), suggesting
that the stem loop inhibits yidC2 translation. To test whether
mifM translation is necessary for yidC2 translation, we first
terminated translation before the ribosome reached the stem
loop by introducing a TAA stop codon at codon 86 (Figure
1Dg). This abolished yidC2 induction in a spolllJ strain and
slightly reduced yidC2 expression in wild type (Figure 1Fg).
We next duplicated six mifM codons (91-96) including the
stop codon, so that wildtype MifM was synthesized but
translation stopped before the ribosome moved into the
stem loop (Figure 1Dh). This also resulted in low and
constitutive expression of yidC2 (Figure 1Fh) that was in-
creased when the stem loop was disrupted (not shown).
We conclude that translation of mifM into the 5 half of the
stem loop is necessary for high-level yidC2 expression.
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Figure 1 mifM regulates yidC2 expression. (A) Genetic context of ygjG (yidC2) and in frame translational lacZ fusions to the 3’-end of yidC2
(a) or mifM (e), producing YidC2°"*-LacZ and MifM**~LacZ, respectively, and after yidC2 codon 6 (b, d) and mifM codon 5 (c). Construct
(d) also contains an in-frame deletion of the mifM region encoding the transmembrane (TM) segment. (B) B-galactosidase ($-gal) activity in
wild type (white) or the spollll mutant (black). The fusions (a-e) correspond to those shown in (A). (C) Predicted secondary structure of mifM-
yidC2 mRNA. SD, Shine-Dalgarno site recognized by the ribosome to initiate translation. The class II mutations of mifM are indicated by
arrows with residue’s numbers. (D) Diagram of mifM mutants in the yidC2°~lacZ fusion. (f) Silent mutations to disrupt the hairpin without
changing MifM amino acids (yidC2°~lacZ(Astem)). (g) Stop codon at codon 86. (h) Duplication of codons 91-96 (including the stop codon)
to allow translation of full-length mifM without unfolding the hairpin. (E) B-gal activity with the stem-loop mutation shown in (D) (f).
(F) Translation through the hairpin is required for yidC2 expression. B-gal activity of strain with mutations (g) and (h) from (D). wt, wild type.
(G-H) mifM functions in cis. Expression of yidC2-GFP monitored by fluorescence microscopy with identical GFP (green) exposures and image
adjustments for each strain; membranes were stained with FM 4-64 (red). (G) Expression of yidC2-GFP downstream of wild-type mifM in wild
type (H) Expression of yidC2-GFP downstream of wild-type mifM in spolllJ (I) MifMATM expressed in a wild-type strain with yidC2-gfp
downstream of wild-type mifM.

MifM senses membrane protein insertion (Xie and Dalbey, 2008), suggesting that MifM is inserted
SpolllJ and YidC2 are likely involved in membrane protein into the membrane by Spollll. Interestingly, the class I
biogenesis or protein secretion (Tjalsma et al, 2003; Camp MifM mutation changes the charge of the N-terminal domain
and Losick, 2008). Interestingly, MifM is predicted to be a from negative to positive, which might produce a membrane
small membrane protein with a single N-terminal TM seg- insertion defect that induces yidC2, thereby mimicking
ment (amino acids 12-34) and a C-terminal cytoplasmic SpolllJ limitation. To test this model, we deleted the region
domain (amino acids 35-95). This topology is similar to encoding the MifM TM segment and found that it caused
that of E. coli proteins that are inserted into the membrane elevated yidC2 expression in wild-type cells (Figure 1Ad and
in a manner dependent on the Spolll] homologue YidC Bd). These results suggest that MifM serves as a sensor of
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SpolllJ activity that upregulates yidC2 when SpolllJ activity is
limiting and membrane insertion is blocked.

MifM is a cis-acting regulator of yidC2 translation

If mifM translation unfolds the stem loop in a manner
regulated by SpolllJ-dependent membrane insertion of
MifM, then it should regulate YidC2 expression only in cis.
To test this prediction, we expressed MifM(ATM) in trans to
yidC2-gfp with wild-type mifM upstream. The strain carrying
only yidC2-gfp showed weak GFP fluorescence in wild-type
cells (Figure 1G), and stronger membrane-associated GFP
fluorescence in the spollll' background (Figure 1H) as
expected (Rubio et al, 2005). Expression of MifM(ATM) did
not elevate the YidC2-GFP signal (Figure 1I) unless it was
encoded upstream of YidC2-GFP, indicating that mifM func-
tions only in cis. Together these results suggest that MifM is a
cis-acting regulator of yidC2 translation that senses SpolllJ
activity, likely when it is inserted into the membrane as a
ribosome-associated nascent chain. We therefore renamed its
gene (formerly ygzJ) mifM for membrane insertion and
folding monitor.

MifM is incompletely translated in the absence

of SpolilJ

The above results suggest that in the absence of SpolllJ, the
mifM-yidC2 stem loop is more efficiently unfolded than in
the presence of SpolllJ. Unfolding could be accomplished
either by allowing more ribosomes to translate mifM-yidC2
mRNA or by having ribosomes move more slowly across the
stem loop so it remains unfolded for longer times. The former
model is unlikely because the initiation of mifM translation
occurs at similar levels in the presence or absence of SpolIllJ
(Figure 1Ac and Bc). We therefore hypothesized that the
absence of SpolllJ might stall the ribosome in a location
that occluded the 5 side of the stem loop thereby exposing
the yidC2 SD. To test this idea, we fused lacZ at the 3/-end of
the mifM coding sequence (producing mifM’°-lacZ; Figure
1Ae). This fusion showed lower B-galactosidase activity
when spolllJ was disrupted, as expected if mifM translation
was attenuated under these conditions (Figure 1Be). This
suggests that mifM translation is arrested when membrane
insertion of MifM is blocked by the spollll mutation or
deletion of the MifM TM domain.

Detection of a MifM translational intermediate

If mifM translation is arrested in the absence of membrane
insertion, it might be possible to observe a translational
intermediate in mifM(ATM) strains. We therefore constructed
strains expressing an N-terminal fusion of GFP to MifM
lacking its N-terminal TM domain with or without a
C-terminal FLAG-tag for detection of the full-length protein
(Figure 2A; GFP-MifM**~%°-FLAG and GFP-MifM**~%%,
respectively). Immunoblotting using GFP-specific antibodies
detected two major products in the strain expressing GFP-
MifM**~*° (Figure 2B, lane 2) and an additional larger minor
product in the strain expressing GFP-MifM**~**-FLAG
(Figure 2B, lane 3). This minor product (band a) was detected
with both GFP- and FLAG-specific antibodies (Figure 2B,
lanes 3 and 6), so it must be full-length GFP-MifM>*~%°-
FLAG. However, the shorter products (bands b and c) were
not detected by FLAG-specific antibodies, so they must be
N-terminal fragments (Figure 2A). To test whether these

The EMBO Journal VOL 28 | NO 22 | 2009

126

a-GFP

o-FLAG

C 1 23 45 6 7 8 91011 1213 14 15

a —
b— | ——  —— B
c—{ : —— o
1 1L 1L 1L 1L ]
WCL ppt sup ppt sup
—RNase +RNase

Figure 2 Visualization of MifM translational arrest. (A) The
C-terminus of GFP was fused to amino acids 35-95 of MifM with
or without the C-terminal FLAG-tag. (a-c) Products visualized in
immunoblots. (B) Immunoblotting of GFP-MifM>® *° derivatives.
Proteins from strains expressing GFP-MifM>*°° (lanes 2, 5), GFP-
MifM** **-FLAG (3, 6) or no GFP fusion (1, 4) analysed by
immunoblotting with anti-GFP (left panel) or anti-FLAG (right
panel). (C) CTABr fractionation of GFP-MifM** °, Proteins from
strains expressing GFP-MifM**~° (lanes 2, 5, 8, 11, 14), GFP-
MifM** " **-FLAG (3, 6, 9, 12, 15) or no GFP fusion (1, 4, 7, 10, 13)
analysed by immunoblotting with anti-GFP after CTABr precipita-
tion. Samples 10-15 were treated with RNaseA before CTABr. WCL,
whole cell lysate; ppt, precipitated fraction; sup, supernatant.

shorter products were translational intermediates or degrada-
tion products, we used CTABr precipitation (Gilmore et al,
1991; Nakatogawa and Ito, 2001), which precipitates RNA
and RNA-protein complexes such as translational intermedi-
ates that retain a covalently attached tRNA at the C-terminus.
Fragment b but not fragment ¢ was precipitated by CTABr
(Figure 2C) and this CTABr precipitation was abolished by
RNase treatment. Thus, fragment b is an MifM translational
intermediate whereas fragment c is likely a degradation
product. These results show that mifM(ATM) undergoes a
strong translational arrest such that the arrest species appears
more abundant than full-length protein. The apparent size of
fragment b suggests that the elongation arrest occurs within
the 3’-region of mifM, a position at which the arrested
ribosome could prevent formation of the mRNA hairpin
that blocks yidC2 translation.

A specific amino acid sequence is required for MifM
translational arrest

To further elucidate the mechanism by which mifM regulates
yidC2, we tested the relative importance of the mifM mRNA
and amino acid sequences in the region of the hairpin. To do
so, we designed a frame-shift mutation within mifM that
would produce an mRNA sequence almost identical to native
mifM but encode a completely different amino acid sequence.
We first introduced an extra stop codon and a silent mutation
(Figure 3Aa) to prevent out of frame translation from produ-
cing a product much longer than native MifM, and to
prevent premature translational termination, respectively.
The yidC2°-lacZ fusion with these two mutations showed
low-level expression in the wild-type strain and induction in
the spolllJ strain to levels similar to the wild-type fusion
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Figure 3 Identification of MifM amino acids required for translational arrest. (A) The mifM frame-shift mutant; white characters in black box
indicate the mutations. Arrows show site of stem loop. (B) Introduction of stop codons in mifM (*). The number at left represents the codon
substituted by a TAA stop codon. (C) B-gal activity of mutants in A in wild type (white) or spolllJ (black). (D) B-gal activity of mutants in B in
wild type (white) or spolllJ (black). (E) Ala-replacement of GFP-MifM>® *°~FLAG at the mifM codons indicated by numbers. Immunoblotting
with anti-GFP and anti-FLAG. Arrest-defective substitutions accumulate full-length protein. (F) p-gal activity of yidC2°~lacZ containing the
indicated MifM Ala-replacements, in wild type (white) or spolllJ (black).

(Figure 3Ca). When then introduced a frame-shift mutation at translational arrest was abolished. We conclude that a spe-
codon 78 (Figure 3Ab), which resulted in low and constitu- cific amino acid sequence at the MifM C-terminus is required
tive yidC2°-lacZ expression (Figure 3Cb), showing that the for translational arrest.
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Identification of the site of transiational arrest

Stop codons before the translational arrest site should pre-
maturely release the ribosome from the mRNA, allowing the
stem loop to refold and inhibiting YidC2 expression, whereas
those after the arrest site should have no effect. We therefore
introduced stop codons immediately to the 5 of the stem loop
to determine whether the mutation prevented yidC2 induc-
tion in the spolllJ strain (Figure 3B). Stop codons before
codon 88 blocked yidCZ induction (Figure 3D), whereas a
stop codon at codon 90 showed wild-type induction
(Figure 3D). These results indicate that mifM translation
must continue to codon 88 to allow yidC2 expression and
that codon 90 is dispensable for translational arrest. Codon
89 was not fully essential for the induction of yidC2, though it
might participate in stabilizing the translational arrest, be-
cause substitution of codon 89 by a stop codon showed
intermediate yidC2 expression. These data indicate that the
translational arrest occurs near the MifM C-terminus, most
likely after codon 88 is translated, consistent with the esti-
mated molecular weight of the translational arrest product of
GFP-MifM>® %° (~35kDa, Figure 2B, band h). Translating
ribosomes cover approximately 6-9 nucleotides of mRNA to
the 3/ of the A site (Culver, 2001; Yusupova et al, 2001, 2006;
Takyar et al, 2005), which would allow a ribosome arrested at
codon 88 to partially cover the 5 side of the stem loop (see
Figure 1C), thereby exposing the yidC2 8D for the duration of
the arrest.

Arrest requires amino acids within the ribosomal
polypeptide exit tunnel

To identify amino acids required to arrest MifM translation,
we mutagenized the C-terminal region of MifM. Codons 59-
89 were targeted because the above results suggested that
arrest occurred near codon 89, which would place this codon
near the peptidy!l transfer site of the ribosome, and because
the C-terminal 30-40 amino acids of nascent polypeptides lie
within the polypeptide exit tunnel of the ribosome and are
therefore well positioned to mediate a translational arrest
(Krieg et al, 1989; Mothes et al, 1994; Frank et al, 1995;
Matlack and Walter, 1995; Ban et al, 2000; Daniel ef al, 2008).
We constructed a series of alanine replacements in
GFP-MifM*® %-FLAG and monitored accumulation of the
arrest species by immunoblotting with GFP- and FLAG-spe-
cific antibodies. Changing 165, H68, R69, 170, W73, 174, M80,
N8I to alanine clearly inecreased accumulation of full-length
MifM (Figure 3E), suggesting they might be required for the
arrest, whereas other substitutions had more subtle effects.
These substitutions could affect protein or mRNA stability as
well as translation, so we introduced identical substitutions
in wild-type mifM in the context of yidC2-lacZ to assess the
ability of these proteins to induce YidC2 in the spolilJ strain.
Substitutions at amino acids Y67, R69, 170, T71, W73, 174,
MBS0 or N81 reduced YidC2 induction in the spolllf strain as
expected for mutations that reduce the translational arrest
(Figure 3F). Amino acids that both increased production of
full-length MifMATM and reduced yidCZ2 induction in the
spolllf strain allowed us to identify a minimal set of amino
acids that are clearly critical for the arrest (R&9, 170, W73,
174, M80, N81); these are upstream of the translational arrest
that occurs at E88 or D89. Interestingly, substitutions at
the site of the arrest (ES88A, D89A) had only minor effects
in either assay, indicating that the specific amino acid or
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peptidy]-tRNA at the site at which translation arrests is not
critical (although it is critical that translation continues
beyond these amino acids, Figure 3D). The amino acids
necessary for translational arrest lie within the polypeptide
exit tunnel of the ribosome and distal to the peptidyl trans-
ferace centre (PTC) at which elongation occurs.

A mutation that alters the polypeptide exit tunnel

of the ribosome compromises elongation arrest

The above results suggest that an interaction between the
MifM nascent polypeptide and the ribosomal polypeptide exit
tunnel arrests translation. If so, then mutations that alter the
polypeptide exit tunnel could impair the interaction and
prevent the translational elongation arrest. To isolate arrest-
defective ribosomes, we took advantage of the similarity in
the mode of action of MifM and erythromycin, which binds
within the exit tunnel to inhibit polypeptide elongation
(Schlunzen et al, 2003; Tu et al, 2005; Vazquez-Laslop et al,
2008). This effect can be prevented by mutations that change
the amino acids and rRNA that line the exit tunnel, which
convey erythromycin resistance (Erm¥; (Gaynor and Mankin,
2003; Zaman et al, 2007; Diner and Hayes, 2009). Certain
Erm® mutants in E. colf are defective in translational arrests
mediated by regulatory nascent chains, such as the SecAYEG
monitor SecM (Nakatogawa and Ito, 2002; Lawrence ef al,
2008), the tryptophan sensor TnaC (Cruz-Vera ef al, 2005),
the erythromycin sensor ErmCL (Vazquez-Laslop et al, 2008)
and the chloramphenicol sensor Crpemis (Lawrence et al,
2008). We therefore isolated spontaneous Erm® mutants
from independent B. subtilis cultures. These mutants all
had an identical duplication of seven amino acids in the
L22 protein (**SQINKRT'®®; Figure 4A). On the basis of
crystal structure of the ribosome (Ban ef al, 2000), it is likely
that this duplication causes a seven amino acid insertion
within the interior of the ribosome exit tunnel (Figure 4A and
E), in aregion that can be mutated to Erm® in other bacteria
(Franceschi et al, 2004; Zaman et al, 2007).

We tested whether the Erm® mutation affected YidC2
induction by introducing it into strains in which MifMATM
is encoded upstream of yidC2-lacZ (mifM{ATM)-yidC2%-
lacZ), which would normally express high levels of YidC2
because of the prolonged translational arrest caused by the
absence of membrane insertion (Figure 1Ad). Expression of
vidC2-lacZ was drastically decreased in the Erm® strain
compared with wild type (Figure 4B). However, when the
stem-loop mutation was introduced to relieve the dependence
of yidC2 expression on translational arrest (mifM-yidC2%-
lacZ(Astern): Figure 1Df), the Erm"® strain showed wild-type
expression. Thus, the Erm® mutation does not affect transla-
tion or folding of p-galactosidase. We next used GFP-
MifM** °°-FLAG to directly compare levels of the arrest
and full-length species by immunoblotting. In the Erm®
mutant full-length MifM was the major species with only a
small amount of the arrest product accumulated (Figure 4C,
lanes 3 and 6), the opposite of the wild-type strain in which
little full-length MifM accumulated (lanes 2 and 5). Thus, a
mutation in the polypeptide exit tunnel of the ribosome
compromises both MifM translational arrest and yidC2 in-
duction. We conclude that the elongation arrest of MIfM is
mediated by interaction between the C-terminal region of
MifM and the polypeptide exit tunnel of the ribosome
(Figure 4E).
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Figure 4 A mutation affecting the ribosomal protein L22 compromises elongation arrest (A) The spontaneous Erm® mutant has a seven amino
acid duplication in L22 (white letters on black). Alignment of this region of B. subtilis (Bs) and E. coli (Ec) L22; underlined amino acids affect
elongation arrest of E. coli tnaC (K90; Cruz-Vera et al, 2005) or secM (G91 and A93; Nakatogawa and Ito, 2002). (B) p-gal activity of
mifM(ATM)-yidC2°-lacZ (left) or the stem-loop mutant (right) in Erm® (black) and wild-type (white) strains. (C) Immunoblotting of GFP-
MifM** ?°-FLAG in the Erm® mutant with GFP and FLAG-specific antibodies. Strains with (2, 3, 5, 6) or without GFP fusion (1, 4) in wild type
(lanes 1, 2, 4 and 5) or Erm® (3, 6). *, non-specific bands (D) Synthetic cold sensitive growth is observed in the erm spolllJ double mutant.
Strains were streaked on LB plates and incubated at the indicated temperature (RT, room temperature ~24°C). (E) View of the ribosome
polypeptide exit tunnel, showing approximate positions of L22 (black arrowheads) and MifM (white arrowheads) amino acids required for

arrest. Dotted circle shows PTC.

During the course of these studies we noted that the arrest-
defective Erm® strain showed a cold sensitive growth defect
in the spolll7 background, whereas the single erm or yidC2
erm double mutant showed only a minor growth phenotype
(Figure 4D). We surmise that the Erm® mutant expresses
sufficient YidC2 to support growth in the absence of SpolllJ at
high temperatures, likely because of the residual translational
arrest observed in western blots (Figure 4C). However, the
reduced arrest activity prevents YidC2 from being fully
induced, thereby limiting YidC2 activity and resulting in
cold sensitive growth, as is also observed for E. coli mutants
in the sec genes (Pogliano and Beckwith, 1993) and yidC
(Yuan et al, 2007). These results suggest that erythromycin
resistance might decrease the ability of a bacterium to survive
events that compromise membrane protein insertion.

Phylogenetic distribution of yidC2 and mifM
Our results indicate that MifM allows B. subtilis cells to

produce additional YidC2 protein when the activity or level
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of the primary YidC protein (Spolll]) is reduced. We per-
formed a phylogenetic analysis to determine how many
bacteria have two copies of yidC and which of these were
in an operon with a mifM-like gene. Our analysis indicated
that the genomes of most Gram-negative bacteria had just
one copy of yidC, whereas the genomes of many Gram-
positive bacteria had more than one (Figure S5A;
Supplementary Table S1). However, not all Gram-positive
bacteria encode two YidC proteins. Within the phylum
Firmicutes, most Lactobacillalles have two yidC genes (for
an average of 1.98 yidC genes/genome), whereas most
Clostridiales have one (for an average of 1.14 yidC genes/
genome). Most species within the order Bacillales have two
yidC genes (for an average of 1.8 yidC genes/genome).
Staphylococcus aureus is a notable exception in
Staphylococci sp. as it encodes just one yidC gene. We were
unable to detect MifM in the Actinobacteria, the
Lactobacillales or the Clostridiales. Within the Bacillales,
mifM-like genes were identified upstream of yidC2 in
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Figure 5 Phylogenetic distribution of yidC2 and mifM in selected bacterial groups. (A) Average number of yidC genes in selected bacterial
genera. Those shown in grey have five or fewer sequenced species. (B) Plot showing the distribution of yidC2 in different bacterial genomes.
Clostridium kluyveri has three yidC genes. (C) Alignment of the MifM with SecM and TnaC aligning the proteins from the C-terminal amino
acid in the arrest product. Blue (acidic amino acids), Red (basic amino acids), stars, sites at which mutations reduce the arrest activity.

Bacillus sp., Listeria sp. and Geobacillus sp. (Figure 5B;
Supplementary Table S2) but absent from the genomes of
Staphylococci sp. that encoded both yidCI and yidC2. The
restriction of the mifM-yidC2 system to a subset of the
Bacillales is similar to the distribution of the secM-secA
system, which is restricted to a subset of the y-proteobacteria
(van der Sluis and Driessen, 2006).

Discussion

Our results support the following model for the mechanism
by which B. subtilis upregulates its secondary membrane
protein insertase (YidC2) when activity of the primary mem-
brane protein insertase (SpolllJ/YidC1) is limited. When
membrane protein secretion capacity is high, yidC2 transla-
tion is repressed by a stem loop that masks the yidC2 SD,
thereby inhibiting yidC2 translation (Figure 6A and I). How-
ever, when membrane insertion of MifM is prevented by a
spollll mutation or by deletion of the MifM TM segment,
mifM translation is arrested. The arrested ribosome is posi-
tioned over the 5’ half of the stem loop, thereby exposing the
yidC2 SD and allowing yidC2 translation (Figure 6A and V).
This regulatory mechanism requires two distinct communi-
cation events between the MifM nascent polypeptide, the
ribosome and the membrane insertion apparatus. First, our
genetic data indicate that translational arrest requires an
interaction between the arrest motif near the MifM C-termi-
nus and the polypeptide exit tunnel of the ribosome. This
interaction within the ribosome must be communicated back
to the peptidyl transferase site at which elongation occurs.
Second, the translational arrest is relieved by an event that is
likely to be the insertion of MifM into the membrane, as it
requires the N-terminal TM domain of MifM and SpolllJ
(YidC1). This event must also be communicated back to the
peptidyl transferase site to allow continued elongation. The
MifM-YidC2 system provides the first example of a mechan-
ism in which a bacterial cell senses the activity of the YidC
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pathway and the second example of a regulatory nascent
chain that senses interactions outside the ribosome.

Many regulatory nascent chains are short polypeptides
encoded in the 5 end of an operon. These short nascent
chains mediate translational arrest in response to a cofactor
(amino acid or antibiotic) that directly or indirectly modifies
the interaction between the nascent chain and the ribosome
to mediate stalling (reviewed by Yanofsky, 1981; Yanofsky
et al, 1996; Tenson and Ehrenberg, 2002). This translational
arrest can govern either transcription or translation of down-
stream genes. For example, the E. coli tna operon, which
controls tryptophan catabolism, is regulated by a translational
arrest within the 5’ tnaC gene, which encodes a polypeptide of
24 amino acids. Translation of tnaC is arrested when trypto-
phan concentration increases and free tryptophan binds to the
ribosome, stalling translation (Tenson and Ehrenberg, 2002;
Cruz-Vera et al, 2005; Yanofsky, 2007). The stalled ribosome
prevents Rho-dependent transcriptional termination, thereby
inducing the downstream genes. Operons conferring resis-
tance to antibiotics that target the ribosome often are regu-
lated in a manner that directly parallels the mechanism by
which yidC2 is regulated. For example, the ermC gene (which
confers erythromycin resistance) is regulated by a short up-
stream ORF in which translation is arrested in the presence of
erythromycin (Narayanan and Dubnau, 1987). This arrest
unfolds a stem loop thereby revealing the ermC SD sequence
and allowing translation of ermC, which confers erythromycin
resistance. Common features of the short regulatory nascent
chains described to date are that they respond to binding of
antibiotics or cofactors within the ribosome and that they are
short polypeptides that are mostly accommodated within the
ribosome.

MifM provides the second example of a long regulatory
nascent chain that monitors an event sensed outside the
ribosome. The first to be described is E. coli SecM, which
monitors protein secretion through the SecYEG pathway and
upregulates the SecA protein translocation ATPase when
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Figure 6 Model for the B. subtilis membrane protein insertion monitor MifM and comparison to the E. coli protein secretion monitor SecM.
(A) Model for YidC2 regulation. The mRNA hairpin masks the yidC2 SD site to block yidC2 translation (I). When MifM inserts into the
membrane, the translational arrest is transient or does not occur, thereby allowing only transient unfolding of the mRNA secondary structure
by the ribosome (II-IV). When membrane insertion of MifM is impaired, mifM translation is arrested and the ribosome unfolds the mRNA,
allowing ribosomes to recognize the yidC2 SD and initiate translation (V). (B) Comparison to the protein secretion monitor secM. Formation of
the mRNA hairpin masks the secA SD and blocks secA translation. When SecM is secreted, the translational arrest is released, transiently
exposing the secA SD and basal levels of SecA are synthesized (I-IV). When secretion is impaired, SecM is not secreted and a prolonged
translational arrest occurs (V), unfolding the mRNA and allowing elevated SecA synthesis. (C) Proposed modular arrangement of MifM and
SecM. The N-terminus of each protein contains a targeting signal comprised of either the putative transmembrane domain of MifM, which
likely directs the protein to the SpolllJ (YidC1) membrane protein biogenesis pathway, or the signal sequence of SecM, which directs the
protein to the SecYEG protein secretion pathway. Positive and negative charges flanking the hydrophobic core of these signals are indicated.
The C-terminus of each protein contains a translational arrest motif comprising ~ 12-20 amino acids preceding the final amino acid required
for translational arrest (indicated by a D or P). This motif is located within the polypeptide exit tunnel of the ribosome, whereas the final amino

acid translated is a peptidyl-tRNA at the PTC. TnaC is shown for comparison.

protein secretion capacity is limiting (Oliver and Beckwith,
1982; Schmidt and Oliver, 1989). The mechanism by which
SecM monitors protein export is strikingly similar to the
mechanism by which MifM monitors membrane protein
insertion. Specifically, under conditions of limiting protein
secretion capacity or when SecM secretion is blocked by
deletion of the signal peptide, secM translation is arrested
(McNicholas et al, 1997; Nakatogawa and Ito, 2001, 2002).
This arrest positions the ribosome over the 5 side of a stem
loop that occludes the SecA SD sequence, allowing increased
secA translation (Figure 6B). Similar to mifM, secM encodes a
protein with a C-terminal motif that interacts with the exit
tunnel of the ribosome to induce a translational arrest
(Figure 6C). Both proteins also include an N-terminal target-
ing motif that dictates the cellular pathway that the regula-
tory nascent chain monitors: SecM has an N-terminal signal
peptide that directs the protein to the SecYEGA translocase
for movement across the cytoplasmic membrane, whereas
MifM has a single predicted TM segment and an intracellular
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domain. These two proteins are likely moved across the
membrane by separate cellular pathways, as SecM is secreted
by the SecYEGA preprotein translocase, whereas the pre-
dicted topology of MifM is similar to that of E. coli proteins
that are inserted into the bilayer in a YidC-dependent but
SecYEGA-independent manner (Xie and Dalbey, 2008). These
results suggest that long regulatory nascent chains have a
modular arrangement, with the N-terminal domain speci-
fying which event outside the ribosome is monitored and a
C-terminal arrest motif (Figure 6C). This modular structure
raises the possibility that additional regulatory nascent chains
that sense events outside the ribosome exist, such as chaper-
one-mediated protein folding or the assembly of protein
complexes.

Our data indicate that the mifM translational arrest is
mediated by specific interactions between the C-terminus of
the MifM nascent chain and the polypeptide exit tunnel of the
ribosome (Figure 4E), as is the case for other nascent chain-
mediated translational arrest mechanisms. Similar to tnaC

The EMBO Journal VOL 28 | NO 22 | 2009



Ribosome-nascent chain sensor of SpolllJ/Y¥idC1
S Chiba et a/

and secM, mifM translational arrest depends on regions of the
nascent chain that are located away from the PTC at which
translation is arrested, within in the polypeptide exit tunnel
(Gong and Yanofsky, 2002; Nakatogawa and Ito, 2002; Cruz-
Vera et al, 2005, 2007). Furthermore, mutations that affect the
1.22 ribosomal protein, which forms a constriction in the
middle of the exit tunnel, compromise mifM translational
arrest as is the case for secM, ermC and tnaC (Nakatogawa
and Ito, 2002; Cruz-Vera ef al, 2005; Vazquez-Laslop ef al,
2008). These data suggest that this region of the polypeptide
exit tunnel senses arrest motifs and triggers a signal transduc-
tion event that inhibits polypeptide elongation at the PTC.

We were surprised to find no primary sequence similarity
in the arrest motifs of MifM, SecM and TnaC (Figure 5C) and
to find that genetic analysis revealed several differences
between the architecture of the MifM arrest motif and these
two well-studied examples. First, single amino acid substitu-
tions near the site of the MifM translational arrest had little
effect, whereas changing the C-terminal proline codons of
maC and secM strongly inhibits translational arrest
(Nakatogawa and Ito, 2002; Cruz-Vera and Yanofsky, 2008).
Alignment of MifM homologs revealed a conserved cluster of
negatively charged amino acids near the site of the transla-
tional arrest (Supplementary Table $2), so it is possible that
arrest can occur at any of these sites. Second, no single amino
acid substitution in MifM completely blocked the arrest,
whereas a single substitution within SecM (at Arg'®, two
amino acids away from the translational arrest) abolished
translational arrest (Yap and Bernstein, 2009). Together these
results suggest that MifM translational arrest might be
mediated by multiple interactions that independently contri-
bute to the arrest rather than by a limited number of critical
amino acids. These differences in arrest motif architecture
and the lack of sequence similarity suggest that there could
be more than one mechanism to induce translational arrest
and that many polypeptides might be capable of serving as
regulatory nascent chains.

The release of the MifM and SecM translational arrests
requires the interaction of the stalled ribosome with SpolIlJ
(YidC1) or with the SecYEG protein translocation channel,
respectively. This suggests that at [east one substrate of the
B. subtilis YidC homologues is targeted co-translationally,
although it remains unclear if this is also the case for other
substrates in B. subtlis or in E. coli. It is interesting that two
different protein translocation machineries can mediate the
release of similar translational arrests. It has been proposed
that the translational arrest of SecM is released by a pulling
force generated by the SecA ATPase motor during the trans-
location of the C-terminal domain of SecM across the mem-
brane (Nakatogawa and Ito, 2002; Butkus et al, 2003;
Nakatogawa et a!, 2004). In this context, it is somewhat
surprising that the MifM translational arrest is released
by YidC-dependent membrane insertion, because the MifM
C-terminus is likely to remain in the eytoplasm, so membrane
insertion is not necessarily expected to generate a large
pulling force. Furthermore, YidC-dependent membrane inser-
tion can occur in the absence of an ATPase such as SecA
(Samuelson et al, 2000; Serek et al, 2004), and only in some
examples does YidC-mediated membrane protein insertion
depend on the proton motif force or the signal recognition
particle, which has GTPase activity (Facey et al, 2007; Celebi
et al, 2008). Thus, although insertion of the TM segment into
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the hydrophobic membrane might generate a local pulling
force, it is unclear whether this force would be of similar
magnitude as that generated by the ATP-driven export of a
protein across the membrane. It is also possible that the
release might be mediated by the direct interaction between
the ribosome-nascent chain complex and membrane protein
insertion apparatus, which could trigger signal transduction
that rearranges the environment of the exit tunnel or the PTC
so that the translational arrest of mifM is canceled. In keeping
with this model, it has recently been shown that the ribo-
some-nascent chain makes nearly identical contacts with the
YidC and S8ecYEG channels and that this interaction causes
similar structural changes in the large subunit of the ribo-
some (Kohler et al, 2009). Additional studies are necessary
to elucidate the precise mechanism for release of the MifM
translational arrest.

Mitochondria, chloroplasts and certain Gram-positive bac-
teria express more than one YidC/Oxal/Alb3 protein. In
some cases, the YidC proteins are functionally differentiated.
For example, mitochondrial Oxal has a C-terminal extension
that interacts with the mitochondrial ribosome and thereby
mediates cotranslational membrane insertion, whereas the
homolog Cox18 lacks the C-terminal extension and functions
at later steps of membrane protein insertion (reviewed by
Bonnefoy et al, 2009). A similar functional differentiation has
been proposed in the Gram-positive bacterium 8. mufans, in
which YidC2 possesses a C-terminal ribosome-docking site
and is involved in co-translational membrane protein inser-
tion, whereas YidC1 lacks this domain (Funes ef al, 2009).
Interestingly, neither B. subtilis SpolllJ nor YidC2 has this
C-terminal extension, although our data suggest that at least
one Spolll] substrate, MifM, is targeted to SpolllJ co-transla-
tionally. SpolllJ and YidC2 clearly share an essential function,
as it is possible to genetically inactivate one but not both
genes. YidC2 therefore provides a backup for this essential
function, allowing cells to survive an otherwise lethal event.
The mifM sensing system we here describe allows this back-
up function to be inducible, perhaps reducing the fitness cost
assoclated with expressing YidC2 when it is not needed.
Spolll] and YidC2 also seem to have at least one non-over-
lapping function. Specifically, YidC2 is unable to substitute
for Spollll during sporulation (Errington et al, 1992;
Murakami et al, 2002; Tjalsma ef al, 2003), suggesting that
certain membrane proteins might specifically require SpoIIlJ
for their biogenesis (such as SpollIAE; Camp and Losick,
2008). It is interesting to speculate that YidC2 might also be
specifically required in a particular environment, or during a
specific developmental pathway or stress response that is
shared by those Gram-positive species that encode more than
one YidC protein. We suspect that accessory YidC proteins
might have different functions in different bacterial species,
because not all yidC2 genes are preceded by mifM (Figure 5B;
Supplementary Table 32). This might also be the case for
SecA and SecY, which are frequently duplicated in Gram-
positive bacteria (Cao and Saier, 2003; Rigel and Braunstein,
2008; Siboo er al, 2008; Mistou et ai, 2009).

Our phylogentic analysis indicates that the membrane
protein insertion monitor MifM evolved in a different group
of bacteria than the protein secretion monitor SecM (van der
Sluis and Driessen, 2006). This, together with the absence of
sequence similarity in the arrest motif of the two proteins,
suggests that MifM and SecM represent the parallel evolution
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Strains Genotype Reference or source
PY79 wild type Youngman et af (1984)
KP3034 tacA::spec This study
KP11086 amyE:yidC2%75 lacZQcat Rubioc et al (2005)
KP11131 amyE:yidC2?"* -lacZQcat, Aspolill-jag::cat::spe Rubio et al (2005)
KP11268 yidC2-gfpQspe This stud:
SCB406 umyE:{:gifrfiﬂM;zs—lacZth This smd§
SCB416 amyE::miﬂﬂgzsglacZth, AspolilF-jag::cat::spc Tlﬁis stugy
SCB421 amyE:mifM -lacZQcar This study
SCB426 amyE:mifMo-lacZQeat, Aspolllffag:cat::spc This study
:gggg yiigﬁ-%gspc, Zmy%‘gniﬂVI(ATM)—yidCZé—lacZQcaI $Ei€ slugy
yidC2- spe, Aspolill-jag::cat::ter is stu
SCB454 umyE::miﬂVIp(Aﬂvg—yidCZG—laCZQmI This stucg
SCB461 amyE::miﬂﬂggAm)—ljidgzs—élaICZQCm, AspolllT-jag::cat::spe Tlﬁis stugy
SCB467 amyE:mifM{91-96rp ) yidC2°-lacZQcar This study
SCB47151 amyE::mi%@é-%!pljyid(CA.ZG—Ia§ZQmI, Aspollil-jag::cat::spe Tﬁis slugy
SCB49 amyE:mifMyidC2"-lacZ({ Astern)Qcat This stu
SCB501 amyE:mifMyidC2°-lacZ(Astem)Qcat, Aspolilljag: eat::spc This stucg
SCB560 amyE: :mifM(D86stop)—yidC2°~lacZQcat This study
SCB561 amyE::mifM{A90stop)-yidC25-lacZQcat This study
SCBS562 amyE:mifM(frameshift) -vidC2°—lacZQcat This study
SCB566 amyE:mifM(D86stop)-yidC2°-lacZQcat, Aspolilfjag::cat::spc This study
SCBS67 amyE:mifM(A90stop)-yidC2°-lacZQcat, Aspolilljag::cat::spc This study
SCB568 amyE:mifM(frameshift)-yidC2°-lacZQcat, Aspollii-jag:cat::spc This study
SCB610 ybaCQloxP-kan-loxP This study
SCB6A25 ybacQloxP-kan-loxP, erm® This study
SCB663 amyE:mifM(E87stop) -yidC2°~lacZQcat This study
SCBe64 amyE::mifM(E88stop) —yidC2°-lacZQcat This study
SCB665 amyE::miﬂ\/f(DSQsmp)—yidCEG—IaCZQcat This study
SCB66Y amyE::mifM{E87stop) —yidC2°-lacZQcat, AspolllFjag::cat::spc This study
SCB670 amyE-mifM{(E88stop) -yidC2°~lacZQcat, AspolllTjag: cat: spc This study
SCBe71 amyE::miﬂ\J(DSstp)—yichEG—IaCZQcaz, AspolllF-jag::car::spc This study
SCBe675 amyE:mifM(I66A)-yidC2°lacZQcat This study
SCB676 amyE::miﬂVI(Yé?A)—yidCES—ZtchQcat This study
SCB677 amyE::mifM{HG68A)-yidC2°lacZQcat This study
SCB678 amyE: mifM{R69A )-yidC2°-lacZQcat This study
SCB6so amyE:mifM(T71 A)-yidC2°-lacZQcar This study
SCBeés1 amyE:mifM(T72A)-yidC2%-lacZQcat This study
SCB6e§2 amyE::miﬂW(W73A)—yidC25—IacZQcar This study
SCB683 amyE:mifM(I174A)-yidC2°-lacZQcat This study
SCB685 amyE:mifM{K76A)-yidC2°-lacZQcat This study
SCB6do amyE:mifM (V774 )-yidC2°-lacZQecar This study
SCBes7 amyE:mifM(F78A)-yidC2°lacZQcat This study
SCB688 amyE::mifM(R?QA)—yidCEG—ZaCZQcar This study
SCB689 amyE:mifM{I70A)-yidC2°-lacZCcat This study
SCB689 amyE: mifM{M80A)-yidC2°-iacZQeat This study
SCBa91 amyE:mifM{S82A)-yidC2°-lacZQcar This study
SCB692 amyE:mifM{(P83A)-yidC2°-lacZQcar This study
SCBr93 amyE::mifM(V84A)-yidC2°-lacZQeat This study
SCB694 amyE::mifM(NSSA)—yidCZG—lacZQcat This study
SCB69S amyE::mifM(D8GA)—yidC2°—lacZQcar This study
SCB6Y6 amyE:mifM{E87A)-yidC2°-lacZQcar This study
SCBaY7 amyE:mifM(ES8A)-yidC2°-lacZQcar This study
SCB705 amyE:mifM(D86silent)- TAA-yidC2°~lacZQcat This study
SCB706 amyE::mifM(IéGA)—yidCZG—lacZth, AspolllFfag::cat::spc This study
SCB707 umyE::mifM(Yé?A)—yidCZs—lacZth, Aspolill-jag::cat::spc This study
SCB708 amyE:mifM(HG68A ) —yidC2°—lacZQeat, AspolliTjag: cat::spe This study
SCB709 amyE:mifM(R69A)-yidC2°-lacZQeat, Aspolill-jag:cat::spe This study
SCB710 amyE:miMI70A)-yidC2°-lacZQcar, Aspolll)-jag::cai::spc This study
SCB711 amyE:mifM{T71A)-yid C2°-lacZQcat, Aspolllijag::cat::spe This study
SCB712 umyE::mifM(T?ZA)—yidCZS—ZQCZQcat, Aspolilljag::cat::spc This study
SCB713 amyE: :mifM(W73A)—yidC2°~lacZQcat, Aspoliiljag::cat::spe This study
SCB714 amyE:mifM(I174A )—yidC2°—lacZQeat, Aspolllifag: :cat::spc This study
SCB716 amyE:mifM(K76A)-yidC2%-lacZQeat, Aspolilljag::cat::spc This study
SCB717 amyE:mifM(V77A)-yidC2°~lacZQcar, Aspollil-jag::cat:spc This study
SCB718 umyE::miﬂVI(F?BA)—yidCZG—lacZQcat, AspolliF-jag::cat::spc This study
SCB719 amyE: :mifM(R79A)—yidC2°~lacZQcat, Aspolilijag:cat::spc This study
SCB720 amyE::mifM(M80A)-yidC2°-lacZQeat, Aspolllifag:eat::spc This study
SCB722 amyE:mifM(S82A)-yidC2°~lacZQcat, Aspollif-jag::cat::spe This study
SCB723 amyE:mifM(P83A)-yidC2°~lacZcar, Aspollli-jag:caz::spe This study
SCB724 amyE::mifM(V84A )-yidC2°iacZQcat, Aspollif jag::cat::spc This study
SCB725 amyE: :mifM(N85A)—yidC2°lacZQOcat, Aspolliijag: cat::spc This study
SCB726 amyE:mifM{D86A) —yidC2-iacZQcat, AspolliFjag: cat::spc This study
SCB727 amyE:mifM(E87A)—idC25-lacZQcat, Aspolllijag:cat::spe This study
SCB728 amyE::mifM(E88A)-yidC2°-lacZQcar, Aspolllijag:cat::spe This study
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Table I Continued

Strains Genotype Reference or source
SCB736 amyE::mifMD86 (silent)- TAA-yidC2°-lacZQcat, Aspolliljag::cat::spc This study
SCB751 amyE:yidC2°—lacZCcat This study
SCB757 amyE:yidC2°-lacZcat, As olil}-jag::cat::spc This study
SCB762 amyE:mifM(N81A)-yidC2°-lacZQcat This study
SCB767 amyE::miﬂW(NB]A)—yidCZG—lacZQcaI, AspolliF-jag::cat::spc This study
SCB803 amyE:mifM(T60A )-yidC2°-lacZQcat This study
SCB804 amyE:mifM{D6I A)—yidC2°%-lacZQcar This study
SCB805 amyE:mifM(F62A)-yidC2°~lacZQcat This study
SCB806 amyE:mifM(L63A)-yidC2°~{acZQcat This study
SCBR807 amyE:mifM(i65A)—yidC2%1acZQcat This study
SCB814 amyE:mifM(T60A)-yidC2°-lacZQcat, Aspolllijag::cat::spc This study
SCB815 amyE:mifM(DG61A)-yidC2°-lacZQcat, Aspollifjag::cat::spc This study
SCB8l16 amyE:mifM(F62A)-yidC2°~lacZQcat, Aspolill-jag::caz::spc This study
SCB817 amyE:mifM(L63A) -yidC2°—lacZQcat, AspolllJjag::cat::spc This study
SCB818 amyE:mifM(165A) -yidC2°-lacZQcat, Aspolfiljag: cat:spc This study
SCB828 amyE:rbsm 1-gfp-mifM®° =2 - yid C2°-lacZQcar This study
SCB832 amyE:mifM(R75A)-yidC2°-lacZQeat This study
SCB839 amyE:mifM(R75A)-yidC2°-lacZQcat, Aspollll-jag::caz::spc This study
SCB844 amyE:yidC2°~lacZQcat, lacA::spc This study
SCB846 amyE:mifM(R59A)-yidC2%-lac7Qeat This study
SCB847 amyE:mifM(D89A)—yidC2°-lacZQcar This study
SCB851 amyE:rbsmI-gfo-mifMP> 2 flag-yidC2°-lacZQcar This study
SCB858 amyE:mifM(RS9A)-yidC2°-lacZQcaz, Aspollll-jag::caz::spc This study
SCB859 amyE:mifM(D89A) —yidC2°-lacZQear, Aspolllljag:cat::spc This study
SCB966 yhaCQloxP-kan-loxP, Aspolllljag::cat::spc This study
SCR967 ybhaCQloxP-kan-loxP, erm®, Aspoililjag:car::spe This study
SCB968 ybhaCQloxP-kan-loxP, AyidC2::spe This study
SCB969 yhaCQloxP-kan-loxP, erm®, AyidC2::spc This study
SCBR972 amyE:mifM(ATM)-yidC2°~lacZQeat, yhaCQloxP-kan-loxP This study
SCB973 amyE::miﬂW{ATM)—yidCZE—[acZer, ybhaCQloxP-kan-loxP, erm® This study
SCB976 AMYE: Py rbsmI-gfp-mifhe *—flag-yidC2°-lacZQcar, ybaCQloxP-kan-loxP This study
SCB993 amyE:: P rrbsmI-gfp-mi 35’gs—ﬂﬂg—yidczé—lacz&)mt, yhaCQloxP-kan-toxE, erm® This study
SCB994 amyE:mifM{Astem )yidC2°-lacZQcat, ybaQloxP-kan-loxP This study
SCB995 amyE::mifM(Astern)yidC2°lacZQcat, ybaODloxP-kan-loxP, erm® This study
SCB996 amyE:mifM(i644)—yidC2°-iacZQcat This study
SCB1002 amyE:mifM(164A)—yidC2°-tacZQcat, Aspolllljag: eat::spe This study
SCB1044 WnYE:P s gfp-mifM>* % flagQear This study
SCB1045 amyE: P gip-mifM> > (R75A )-flagQear This study
SCB1049 amyE: Py gfp-mifM>> 23 (174 A)—flageat This study
SCB1051 WMYE:P g 8Fp-mifM "7 (RS9A )flagQoa This study
SCB1052 amyE: P gip-mifM> 2% (T60A)—flagQcat This study
SCB1053 amyE:P g gfp-mifM> 2% (DG1A ) —flagleat This study
SCB1054 WMYE:P g 8fp-mifM 7 (F62A)-FlagQcar This study
SCB1055 amyE:P g gfp-mifM> 25 (L63A)—flagQeat This study
SCB1056 AMYE:P g 8fp-mifM 7 (164 A)-flagQeat This study
SCB1057 aAMYE: P §i0-mifMe =22 (165 A)~flageat This study
SCB1058 amyE:P g gfp-mifM>> =2 (166 A)—flagleat This study
SCB1059 amyE::P g &p-mifM =7 (Y67A ) —flagQeat This study
SCB1060 aAMYE: P §i0-mifMe 2% (H68 A )-flagQeat This study
SCB1061 amyE:Pog Sfp-mifM 5 (R69A )-flagQear This study
SCB1062 a@myE:P s Sfp-mifld >~ (1704 ) ~flagQeat This study
SCB1064 aAMyE: P gfp-mifMe> 23 (T72 A )—flagQcat This study
SCB1065 a@nyE:Ppns 8fp-mifld>* > (W73A )~flagQeat This study
SCB1066 @YE: Py 8F0-mifle 2 (K76A)-flagQeat This study
SCB1067 amyE:Prins gf0-mifM~%(V774) flagQeat This study
SCB1068 @Y E: Py 8Fp-mifl %% (F78A)flaglcat This study
SCB1069 amyE: P gfp-mifM "~ (R79A )flagQear This study
SCR1070 AMYE: P £Fp-mifME 95 (MB0A ) ~flagQeat This study
SCR1071 @YE: Py 8Fp-miflP P (NBIA)flagQeat This study
SCB1072 amyE: P gfp-mifM* > 5(S82A ) -flagQcar This study
SCB1073 AMYE:Prps gFp-mifME o5 (P83A) flagQeat This study
SCB1074 @YE:P s Sip-mifM 2 (V84A) flagQeat This study
SCBR1075 amyE: Prpa gfp-mifM>> %5 (N85S A)-flaglcat This study
SCB1076 aAmyE: Py gfp-mifM>> 23 (D86A )—flagQcat This study
SCB1077 amyE: Prps gfp-mifM 5 (E87A)flagcat This study
SCB1078 aAmyE: Py gfp-mifM> 25 (E88A )—flagQcar This study
SCB1260 @y E:P s Sfp-mifM 5 (T71A) flagQcat This study
SCB1261 amyE: P gfp-mifM> "% (D89A)—flagQcat This study
ALB185 spoilil-fiagQloxP-kan-loxP, lacA::spec This study
ALB198 spolll] (Shine-Dalgarno AGGAGG to AGGAAG), amyE:yidC2°%-iacZQcat, lacA::spec This study
ALB228 spoill] (Shine-Dalgarmo AGGAGG to AAGAGG), amyE:yidC2°-lacZQcat, lacA::spec This study
ALB396 spolll] (Shine-Daigamo AGGAGG to AGAAGG), amyE:yidC2%iacZQcat, lacA::spec This study
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of protein sensors of two different pathways that act by
similar molecular mechanisms. The increasing numbers of
regulatory nascent chains that lack primary sequence identity
suggests that the ribosome does not blindly translate the
genetic code. Translation instead seems to represent an on-
going negotiation between the ribosome, the nascent poly-
peptide and other cellular components such as the
machineries for membrane protein biogenesis and protein
secretion. Although this might limit the usage of the genetic
code, it allows cells to use nascent chains as regulatory
switches that respond to different co-translational or transla-
tional events. Clearly nascent chains are not simply non-
functional intermediates in proteins synthesis and instead are
capable of interacting with a discriminating ribosome to
provide regulatory mechanisms that enable cells to respond
to changing intracellular environments.

Materials and methods

Strain and plasmid construction

B. subtilis strains (Table I) were constructed by transformation
(Hoch, 1991). The Aspolilf-jag deletion strain used in these studies
is a complete deletion in which the coding region was replaced by a
cat gene that was subsequently replaced with the tet gene (Rubio
et al, 2005) using pCm::Tc (Steinmetz and Richter, 1994). The
lacA:spec mutation (Hartl et al, 2001) was transformed into PY79
for these studies. Plasmids (Supplementary Table S53) were
constructed by standard cloning methods, PCR and site-directed
mutagenesis (Sawano and Miyawaki, 2000) using the strategies
described in Supplementary data and the oligonucleotides in
Supplementary Table 84. Plasmids were verified by sequencing
the coding region. Following introduction into the B. subtilis
chromosome, recombinants were checked for their antibiotic
resistance, the inactivation of amyE and the loss of any additional
drug resistance markers on the plasmid backbone.

Growth conditions and general procedures

B. subtifis cells were cultured at 37°C in LB and CH media (Sterlini
and Mandelstam, 1969) for western blotting and p-galactosidase
activities assay, respectively. Cultures with ODgeo=0.5-1.0 were
collected for each experiment. p-galactosidase assays (Miller, 1972;
Rubio et af, 2005) and immunoblots (Blaylock et al, 2004) were
performed as described earlier. Blots were probed with monoclonal
anti-GFP (Roche), and either polyclonal (Figure 3F) or monoclonal
(Figures 2 and 5) anti-FLAG (Sigma).

Isolation of mutants that overexpress yidC2

A 10ml aliquot of SCB844 (amyE:yidC2°-lacZQcat, lacA:spc)
culture with ODgqe=0.5 in LB media was cellected, washed with
the citrate buffer (100 mM citric acid, pHS.5) twice, suspended in
10ml of the citrate buffer and divided into 10 tubes. The cells were
treated with 0.1 mg/ml NTG for 30 min at 30°C, then washed with
1ml of phosphate buffer (pH 7.0) and suspended in 1ml of LB
followed by addition of the same volume of 50% glycerol. The
mutant pools were stored at —80°C until subjected to screening.
The mutant pool was diluted and aliquots spread on DSM plates
containing 60 ug/ml X-gal. Blue colonies were isolated at 37 and
42°C. Chromosomal DNA of Lac+ mutants was iselated and
transformed into PY79 selecting for Cm® encoded by amyE:yidC2%-
lacZQeat to identify mutations linked to the fusion. Unlinked
mutations were moved into an unmutagenized background by
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transformation into KP3034 (lacA:spec) competent cells using a
high concentration of chromosomal DNA, selecting for Cm® and
isolating the rare blue colonies in which both the unknown
mutation and the lacZ fusion had been co-transformed into the
recipient. These backerossed strains were checked for linkage to
spolll] by transformation with chromosomal DNA from strain
ALB18S (Table I). The spolif-linked mutations were sequenced to
identify the point mutations. Three different mutations affecting the
8D sequence were identified (Supplementary data).

CTABr precipitation

CTABr precipitation was performed essentially as described
(Gilmore et ai, 1991; Nakatogawa and Ito, 2001}, with the following
modifications. To prepare lysates of B. subtilis cells, 1ml of LB
culture was washed with 1 ml of HSM (20 mM HEPES (pH 7.6),20%
sucrose, 20 mM MgCly) buffer and treated with 1 mg/ml lysozyme
in the same buffer for 10 min at 37°C. Cells were then collected by
centrifugation and resuspended in 200 pl of ice-cold 20 mM HEPES
(pH 7.6), 150mM NaCl and solubilized with 0.5% NP-40 on ice
for 7min. Inscluble particles were removed by centrifuge (4°C,
13 000r.p.m. for 5min) and 90 pl of each cell lysate was mixed with
500 pl of 2% CTABr and 500 pl of 0.5 M NaOAc (pH 4.7) for CTABr
precipitation. The mixture was incubated on ice for 10 min, then at
30°C for 10min, centrifuged at 14000r.p.m. for 15min and the
pellet washed by acetone/HCL (19:1) twice and solubilized in SDS
sample buffer. The supernatants were collected and proteins
precipitated with 10% TCA and washed by acetone/HCl (19:1)
before solubilization in $DS sample buffer. RNase treatment was
done by adding 0.5l of 4 mg/ml RNaseA into 90 pl of cell lysate
and incubated for 10min at 37°C before addition of CTABrL.

Isolation and characterization of erythromycin resistant

{Erm"} mutations

Strain SCB610 (yhalQloxP-kan-loxP), which has a kanamycin
resistance marker near the ribosoemal protein operon was plated
on LB plates with 2 pg/ml of erythromycin to select spontaneous
Erm® mutants. Genetic linkage between the erm mutation and the
ribosomal operon was tested by transforming chromosomal DNA of
each mutant into PY79 (wild type) on LB erythromycin plates and
screening for kanamycin resistance; all were linked. The rpiV gene
of wild type (SCB610) and erm mutants was PCR amplified and
sequenced.

Microscopy and image analysis

For GFP visualization, live cells were stained with 5 pg/ml FM 4-64
(Molecular Probes; (Sharp and Pogliano, 1999). Images were
collected using an Applied Precision optical sectioning microscope
(Liu et al, 2006) and deconvolved using softWoRx v3.3.6 (Applied
Precision).

Supplementary data
Supplementary data are available at The EMBQ Journal Online
(http://www.embojournal.org).
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Plasmid construction

Plasmids listed in Table S3 were constructed as follows and verified by DNA
sequencing of the coding region. To construct pCH735, a BamHI site at the %’
upstream of mifM on pAR27 (amyE::mifM-yidC2°™-lacZQxcat, Rubio et al., 2005) was
mutagenized (from GGATCC to GGGTCC) and a new BamHI site was introduced
just before stop codon of mifM by site-directed mutagenesis (Sawano and Miyawaki,
2000) using mutagenesis primers SP1 and SP4 (Table 54). The resulting plasmid
was then digested by BamHI (which alsc cuts at the beginning of the /acZ coding
region) and re-ligated to excise the yidC2 coding region to allow the last sense
codon of mifi to be followed both by a BamHI site and facZ in frame. pCH743 was
made by essentially the same procedure as pCH735 except using SP2 instead of
SP4 in order to introduce a BamHI site after the 5th codon of mif to excise both
codons 6 through 95 of mifM and the entire yidC2 coding region. pCH746 was
constructed by eliminating the BamHI site at the 5" upstream of mifM from pAR70
(amyE::mifM-yidC2°%-lacZQcat;, Rubio et al., 2005) by site-directed mutagenesis
using the SP1 mutagenesis primer. Two individual BamH]I sites were introduced after
the Sth and 34th codons of mifM on pCH746 respectively by site-directed
mutagenesis using primers SP2 and SP3, generating pCH756. The resulting plasmid
was digested by BamH| and re-ligated to excise the region encoding the
transmembrane segment of MifM. pCH774, pCH792, pCH795 were constructed by
site-directed mutagenesis using individual primer or mixed primers SP7 (for pCH774),
SP5 (for pCH792) or mixture of SP12 and SP13 (for pCH79%) and pCH746 as the
template. pCH804 was constructed by two sequential site-directed mutagenesis
using the primer SP12 and the template plasmid pCH746 for the first step to make
pCH774 and primers SP13 and SP14 and the template plasmid pCH774 for the
second step. pCH806 was constructed by the TA-cloning of a 0.6 kb PCR fragment
of ‘ybaC coding region including the stop codon amplified from PY79 ¢DNA using
primers SP16 and SP17 into the T-added Smal site of pEB71 (a pUC19-derivative

with JoxP-kan"-loxP). A stop codon or a codon for alanine was introduced by site-
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directed mutagenesis using a template plasmid pCH746 and individual primers
described in Table S5 to make a series of plasmids for the stop codon scanning or
alanine scanning for mifM-yidC2%-lacZ derivatives.

Plasmids for gfo-mifM>>° were constructed as follows. The transmembrane
region of mifM flanked by two BamHI| sites on pCH756 (described above) was
replaced by a BamHI-digested gfp PCR fragment amplified from pCHS507 (gfp-
spollQ; (Chiba et al., 2007)) using primers SP9 and SP10 to generate pCH835
(amyE::PmifM-gfo-mifM>>%-yidC2%jacZCcat). An EcoRI fragment of pCH835 was
cloned into the same site of pCH818 (amyE:mifM-flagQcaf) to make pCH985
(@amyE::Prm-gfo-mifM>>*-flagQicaf). pCH818 was constructed by cloning a Sphl-
Spel fragment of pCH735 into the same sites of pCH801 (amyE:mifM-yidC2-gfp-
Spel-flagQcaf). pCH801 was made by introducing a Spel site followed by eight
codons for flag-tag into the 3’ end of gfp on pyqiG21 (amyE::mifM-gfpQcat, Rubio et
al., 2005) by site directed mutagenesis using primer SP52. A series of plasmids for
alanine scanning mutagenesis of GFP-MifM*>**-FLAG were constructed by site-
directed mutagenesis using individual primers as described in Table S5 and pCH985
as the template. Plasmid pCH913 was constructed by introducing mutations in the
Shine-Dalgarno sequence for gfo-mifM>>®° by site-directed mutagenesis using
primer SP8 and the template plasmid pCH805, which is identical to pCH835 but
constructed independently in the same procedure. pCH929 was constructed by
cloning of a Sphl-Hindlll fragment of pCH913 into the same sites of pCH892
(amyE.'.'Pm,-fM-gfp-mifM35'95-ﬂag-yidC26-IacZQcat), which has been constructed by
site-directed mutagenesis using primer SP11 and pCH&835 as the template. Plasmids
were verified by DNA sequencing of the coding region.

pCH706 encodes a kanR gene linked to spolllJ. It was constructed by TA-
cloning of the 3’ half of spolilJ that was PCR amplified with primers SP53 and SP54
from PY79 cDNA and cloning the fragment into the T-added Smal site of pEB71 to
generate a ‘spofllJ271-flagAoxP-kan-loxP allele. This plasmid was integrated into

the native spolllJ locus of PY79.
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Isolation of mutations that reduce SpolllJ (YidC1) synthesis and induce yidC2

Mutations linked to spolllJ were sequenced. Nine contained mutations in
three different sites within the Shine-Dalgarnc sequence (with no additional
mutations in the coding region) as indicated in Table S5. These mutations reduced
the spore titer from 4-10 fold and induced yidC26-IacZ, demenstrating that reducing
the level of otherwise wildtype SpolllJ induces yidC2.
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Table $1: Phylogenetic distribution of YIdC homologues in various bacterial phyla
Number of species with:
total Average
one two three total number copy Standard
YidC YidC YidC species YidC number deviation
Firmicutes-
Clostridiales 26 2 1 29 33 1.14 0.44
Firmicutes-Bacillales 5 20 1 26 48 1.85 0.46
Firmicutes-
Lactobacillales 1 27 0 28 55 1.96 0.18
Mollicutes 19 0 0 19 19 1 0
Cyanobacteria 9 0 0 9 9 1 0
Actinobacteria-
Corynebacteriaceae 0 5 0 5 10 2 0
Actinobacteria-
Mycobacteriaceae 10 0 0 10 10 1 0
Actinobacteria-
Streptomycetaceae 0 3 0 3 6 2 0
Actinobacteria- 0.58
Micrococcaceae 2 2 0 4 6 15
Actinobacteria-
Nocardioidaceae 3 1 0 4 5 1.25 0.5
Firmicutes-
Bacillaceae 2 13 1 16 31 1.94 0.44
Firmicutes-
Listeriaceae 0 3 0 3 8] 2 0
Firmicutes-
Staphylococcaceae 1 4 0 5 9 1.8 0.45
Firmicutes-
Lactobacillaceae 0 14 0 14 28 2 0
Firmicutes-
L euconestocaceae 0 3 0 3 &) 2 0
Firmicutes-
Streptococcaceae 0 10 0 10 20 2 0
Firmicutes-
Clostridiaceae ik 2 1 14 18 1.29 0.61
Firmicutes-
Peptococcaceae 5 0 0 5 5 1 0
BLASTP was used to identify YidC homologues starting in May 2009, using B. subtilis SpolllJ as the
query sequence and an e-value of 0.07 as the cutoff. Only a single strain was analyzed per species.
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Table §2: Sequence a

Vi-like proteins

A

. monocytogenes

. welshimer:

. I1nnocua

. kaustophilus
thermodenitrificans
. amyloliguefaciens
. subtilis

. licheniformis

. pumilus

. anthracis

cereus
thuringiensis

. halodurans
clausii

[o s flv s Bws o v s Mo I v R S RD R T o s =

. monocytogenes

. welshimer:

. innocua

. kaustophilus
thermodenitrificans
. amyloliguefaciens
. subtilis

. licheniformis

. pumilus

. anthracis

cereus
thuringiensis

. halecdurans

. clausii

[e=iea A vs Bv s Bl v I s Rl e B v RO RV R B e B o

———-MISILQILLEPEFISLTVTFLLMLTIFSYWSAITLLKPKMVLPADAICIKPVKISL
-MRGMISILQLLLEPEFISLTVTFLLMLTIFSYWSAITLLKPKMVLPADAICLKPVKITL
——--MISILOQILLEPEFISLTVIFLLMLTIFSYWSAITLLKPKMVLEFADATCLEKPVKTLL
—-——--MEAPIDLLV---YMSLVGALWIIMK--GYMGAHRTAKS-LFYEPALASVREREAGG
———-MEAPIELLW---YMSLVGVLFVIVE--GYMGIHRVTKS-LSYESAWTTVREYRAGA
--MILESMNDFLFLVDFFTIILPALTAIG-IAFLLRERRAGEHWRTKR-IDEHQAVVOLN
MTMEVES INDVLELVDFFTIILPALTAIG- IAFLLRECRAGEQWKSKR-TDEHQTVFHIN
—-MILESFNDAFFLIEFFTIVLPALTAIG-IALILKDCSTGDSWKTKR-FEEYHATQFVS
—-MIIDTENEVFFLVEFFTIILPALTAIG-IAFLLKDCRMNEHLGGHR-LEELDAS-LLN
—-—-MEFLLODAILYISFVTTALCLLEVFF-LANVSREVRQQASSGROQRAFALVDTCEDSA
——-MEFLLODAILYISFVTTALCLLEVFF-LANVSREFVRQQASSGRQRAFALVDTCEDSA
——-MEFLLODAILYISEVTTALCLLEVFF-LANVSREVRQOASSGRORAFALVDTCEDSA
—-—-MLDVLSEMVALSLTIALAVMVITAFTPLYFRTVDRPFRLNWQRKQ----LDSTHMSS
——-MIDLIMELPMILWVSVAPVMVVVAMVA---YEN-FKLRRMHMRMKR - --TVHDTDKTG

RAHFYRTS--PNFVINWLAITRKCSAITDDEDSFSESNV-—————— 93
RAHFYRSS--PNFIINWLAITMKCSAITDDEDSFSFSNI- - 96

RAHFVRTS--PNFIINWLAITKKCSAITDDEDSFSESNR-— = 93
GAERAALPWRPLFLPQRRKIPVRERTSRTDEDGRPFPL- - 88
ATGFVALPSRPLFLPQRRKIPIRERTNRTDEDGRPFS-—-————— 87
RTDFLITIIY--HRITTWIRKVIRMNSPANDDEDVSFLLL--———— 93
RTDFLIIIY--HRITTWIRKVFRMNSPVNDEEDAGSLLL------ 95
AVDFLIILY--HRITVWISKVIRMKASSNDDEDHRFLLLSI---- 95
RTDFLFIIY--DRITTWISKVIRMKRSSNDDEDH-LLPLSN---- 93
GNVPLFSIF--YKYG-MIRSVRRQESSEENDEVGPYTPMFR-—-- 94
GNVPLFSIF--YKYG-MIRSVRRQESSEENDEVGEYTPMFR-—--—- 94
GNVPLFSIF--YKYG-MIRSVRRQESSEENDEVGPYTPMFR-—--—- 94
DVSAFIRP---L3SVVHHPKVHSIKDKS SADEEAPSFILA-————— 89

CVDMTPVRP--LALWARPKIPY FRDKGCODDDGEYPCCHMHQOTIAA 93

A. Protein sequence alignment for putative MifM-like proteins in the Bacillales.
Protein sequences of gene ID: 16803420 (Lm), 116872812 (Lw), 16800485 (L),
56420358 (Gk), 138895364 (Gf), 154686650 (Bam), 50812265 (Bs), 52348809 (B)),
157692894 (Bp), 30265066 (Ban), 42784208 (Bce), 49480767 (Bf), 15613731 (Bh),
56965672 (Bcl) were aligned by ClustalW2. Hydrophobic, acidic and basic residues

were labeled as pink, blue and red, respectively.
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Table S3: Plasmids used in these studies

Plasmid Gene Primer
pCH706  'spolllJ271-flagsdoxP-kan-loxP SP53, SP54
pCH735 amyE. mifM95-lacZQcat SP1, SP4
pCH743 amyE::mifM5-IacZQcat SP1, SP2
pCH746 amyE::yidC26-IacZQcat SP1
pCH767 amyE :miftM(ATM)-yidC2°-lacZQcat SP2, SP3
PCH774  amyE:mifM(91-96rp)yidC2%-lacZQcat SP7
PCH792  amyE:mifMyidC2°%-lacZ(Astem)Qcat SPS
PCH795  amyE::mifMD86(silent)-TAA-yidC2%-lacZQcat SP12, SP13
PCH802  amyE::mifMD86(stop)-yidC2°-lacZcat SP6
pPCH803  amyE::mifMA90(stop)-yidC2°%-lacZQcat SP15

SP12, SP13,
pCH804  amyE::mifM(frameshift)-yidC2°%-lacZCQcat SP14
pCH806 ‘vbaCQloxP-kan-loxP SP16, SP17
PCH823  amyE:mifMES7(stop)-yidC2%-lacZCxcat SP18
pCH824  amyE ::mifME88(stop)-yidCZa-IacZQcat SP19
pPCH825  amyE::mifMD89 (stop)-yidC2%-lacZ<cat SP20
PCH838  amyE:mifM(166A)-yidC2%-lacZCcat SP21
PCH839  amyE::mifM(Y67A)-yidC2%-lacZQcat SP22
PCH840  amyE:mifM(H68A)-yidC2%-lacZ<cat SP23
pCH841 amyE::mifM(R69A)-yidC26-IacZQcat SP24
pPCH842  amyE::mifM(I70A)-yidC2°-lacZQcat SP25
PCH843  amyE:mifM(T71A)-yidC2%-lacZCcat SP26
PCH844  amyE:mifM(T72A)-yidC2%-lacZQcat SP27
PCH845  amyE:mifM(W73A)-yidC2%-lacZcat SP28
pCH846 amyE::mifM(I74A)-yidC26-IacZQcat SP29
pPCH848  amyE::mifM(K76A)-yidC2%-lacZQcat SP30
pCH849 amyE::mifM(V77A)-yidC2%-lacZQcat SP31
PCH850  amyE::mifM(F78A)-yidC2%-lacZQcat SP32
PCH851  amyE:mifM(R79A)-yidC2%-lacZQcat SP33
pCH852 amyE::mifM(MSOA)-yidCZG-IacZQcat SP34
pCHB854 amyE::mifM(S82A)-yidCZ‘?—IacZQcat SP35
PCH855  amyE::mifM(P83A)-yidC2%-lacZQcat SP36
PCH856  amyE:mifM(V84A)-yidC2%-lacZQcat SP37
PCH857  amyE:mifM(N85A)-yidC2%-lacZQcat SP38
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pPCH858  amyE:mifM(D86A)-yidC2°%-lacZQcat SP39
pPCHB859  amyE:mifM(E8TA)-yidC2%-lacZQcat SP40
PCH860  amyE:mifM(E88A)-yidC2%-lacZQcat SP41
pCH872 amyE::mifM(N81A)-yidC2°-lacZQcat SP42
PCHI05  amyE:mifM(T60A)-yidC2%-lacZQcat SP43
PCHI06  amyE:mifM(D61A)-yidC2°%-lacZicat SP44
pCH907 amyE::mifM(F62A)-yidC26-IacZQcat SP45
pCHI08  amyE:mifM(L63A)-yidC2%-facZQcat SP46
PCHO09  amyE::mifM(65A)-yidC2°-lacZCcat SP47
PCHI10  amyE:mifM(164A)-yidC2%-lacZQcat SP48
SP8,  SPg,
PCHO13  amyE::Pmm-rtbsm1-gfo-mifM>>*°-yidC2%-1acZQcat SP10
pCHI917 amyE::mifM(R75A)-yidC2°-lacZQcat SP49
PCH924  amyE:mifM(R59A)-yidC2°%-lacZCcat SP50
PCHI25  amyE:mifM(D89A)-yidC2°%-lacZCicat SP51
PCHI29  amyE::Pmm-rbsm1-gfo-mifM*>*°-flag-yidC2%-lacZQcat  SP11
PCHI85  amyE::Pmmr-gfo-mifM> *°-flagQcat SP52
PCHI986  amyE::Pmm.gfp-mifM>>*°(R75A)-flagQicat SP49
PCHI90  amyE::Pmm-gfo-mifM>>*°(174A)-flagQcat SP29
PCHO93  amyE::Pon-gfo-mifM> *°(R59A)-flagQcat SP50
PCHI94  amyE::Pmmrgfo-mifiP>*%(T60A)-flagQcat SP43
PCHI95  amyE::Pmm-gfo-mifMP> (D6 1A)-flagQicat SP44
PCHI96  amyE::Pmim-gfo-mifMP°%°(F62A)-flagQcat SP45
PCHI97  amyE::Prin-gfo-mifM>>**(L63A)-flagQeat SP46
PCHI98  amyE::Pumr-gfo-mifM>>*° (16 4A)-flagQcat SP48
PCHI99  amyE::Pumr-gfo-mifM>>°(1654)-flag<icat SP47
PCH1000 amyE::Pmm-gfo-mifM>>°(166A)-flagQicat SP21
PCH1001 amyE::Pmm-gfo-mifM>°°(Y67A)-flagQicat SP22
PCH1002  amyE::Pm-gfo-mifM> *°(H68A)-flagQcat SP23
PCH1003 amyE::Pin-gfo-mifM>>**(R69A)-flagQicat SP24
PCH1004 amyE::Prnrgfo-mifM>®°(170A)-flagicat SP25
PCH1006 amyE::Pmim-gfo-mifM>>%%(T72A)-flagQcat SP27
PCH1007 amyE::Pmim-gfo-mifM*°*°(W73A)-flagQicat SP28
PCH1009  amyE::Pmm-gfo-mifM>>*° (K76 A)-flagQcat SP30
PCH1010  amyE::Pmm-gfo-mifM>> 2> (V77A)-flagQcat SP31
PCH1011  amyE::Pnrgfo-mifM*>>**(F78A)-flagQcat SP32

PCH1012  amyE::Pmmr-gfo-mifMP>%°(R79A)-flagCicat SP33



pCH1013
pCH1014
pCH1015
pCH1016
pCH1017
pCH1018
pCH1019
pCH1020
pCH1021
pCH1060
pCH1061

amyE:
amyE:
amyE:
amyE:
amyE:
amyE:
amyE:
amyE:
amyE:
amyE:
amyE:

P rim-gfo-mifMP> %% (M80A)-flagQcat
:Prom-gfo-mifhMP> 9 (N8 1A)-flagQcat
P risi-gfo-mifMP>%°(S82A)-flagCacat
P rimi-gfo-mifMP>%° (P8 3A)-flagQicat
:Prmim-gfo-mifhMP> % (V844 )-flagQcat
P ri-gfo-mithP>%° (N85 A)-flagQcat
P rma-gfo-mifMP>*° (D86 A)-flagQcat
P ris-gfo-mitM>>*° (E87A)-flagCacat
P rimi-gfo-mifMP>#° (E88A)-flagQicat
:Prom-gfo-mifM>> % (D89 A)-flagQcat
:Prmina-gfo-mifM>* % (T7 1A)-flagQeat
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SP34
SP42
SP35
SP36
SP37
SP38
SP39
SP40
SP41
SP31
SP26
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Table $4: Oligonucleotides used in these studies

Name

Sequence

SP1
SP2
SP3
SP4

SP5
SP6
SP7

SP8
SP9
SP10

SP11

SP12
SP13
SP14
SP15
SP16
SP17
SP18
SP19
SP20
SP21
SP22
SP23
SP24
SP25
SP26
SP27
SP28
SP29
SP30
SP31
SP32

TGTCAAACATGAGAATTCGGGTCCCTGTATGGTGTATC
TGATGACAATGTTTGTGGGATCCGAATCGATAAATGACGT
GGATTGCATTCCTCTTAGGATCCCGGGAGTGCCGTGCGEGG

CCGGTTCTCTTCTTTTAGGATCCTAAACCGCATTTATAAAAAG
AACGATGAGGAAGACGCCGGAAGCTTATTACTATGAACCGCATTTATAAAAA
GGAG

ATGAATTCGCCTGTGAACTAAGAGGAAGACGCCGGTTCTC
GAACGATGAGGAAGACGCCGGTTCTCTTCTTTTATAAGGTTCTCTTCTTTTA
TAAACCGC

ATAGTAAAATGAAGCTAGGAGGAGGATGTGATGACAATGT
AAGGATTTGAGCGTAGCGAAAA

GAAATAATGGATCCTGTTGCACCCCGCGGCCGTT
ACGCCGGTTCTCTTCTTTTAGACTATAAAGACGACGACGACAAACGGCCGT
AAACCGCATTTATAAARAAG

GAATTCGCCTGTGAACGACGAGGAAGACGCCGGTTC
CTTCTTTTATAAACTAACGCATTTATAAAAAGGAGGAGAAC
GATACGTAAAGTCCTTCCGCATGAATTCGCCTG
GTGAACGATGAGGAAGACTAAGGTTCTCTTCTTTTATAA
CATCACTCTATGACAATAAATC
TCATAAATGGTTGCGTGCATGC
AATTCGCCTGTGAACGATTAAGAAGACGCCGGTTCTCTTCT
TCGCCTGTGAACGATGAGTAAGACGCCGGTTCTCTTCTTTT
CCTGTGAACGATGAGGAATAAGCCGGTTCTCTTCTTTTA
CGAACAGACTTTCTTATTATTGCGTATCATCGCATTACAA
ACAGACTTTCTTATTATTATAGCGCATCGCATTACAACTTG
GACTTTCTTATTATTATATATGCGCGCATTACAACTTGGAT
TTTCTTATTATTATATATCATGCGATTACAACTTGGATACG
CTTATTATTATATATCATCGCGCGACAACTTGGATACGTAA
ATTATTATATATCATCGCATTGCGACTTGGATACGTAAAGT
ATATATCATCGCATTACAGCGTGGATACGTAAAGTCTT
TATCATCGCATTACAACTGCGATACGTAAAGTCTTCCG
CATCGCATTACAACTTGGGCGCGTAAAGTCTTCCGCAT
ATTACAACTTGGATACGTGCGGTCTTCCGCATGAATTC
ACAACTTGGATACGTAAAGCGTTCCGCATGAATTCGCC
ACTTGGATACGTAAAGTCGCGCGCATGAATTCGCCTGT



SP33
SP34
SP35
SP36
SP37
SP38
SP39
SP40
SP41
SP42
SP43
SP44
SP45
SP46
SP47
SP48
SP49
SP50
SP51

SP52

SP53
SP54
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TGGATACGTAAAGTCTTCGCGATGAATTCGCCTGTGAA
ATACGTAAAGTCTTCCGCGCGAATTCGCCTGTGAACGA
AAAGTCTTCCGCATGAATGCGCCTGTGAACGATGAGGA
CTTCCGCATGAATTCGGCGGTGAACGATGAGGAAGACG
CGCATGAATTCGCCTGCGAACGATGAGGAAGACGCC
ATGAATTCGCCTGTGGCGGATGAGGAAGACGCCGGTTC
AATTCGCCTGTGAACGCGGAGGAAGACGCCGGTTCTC
TCGCCTGTGAACGATGCGGAAGACGCCGGTTCTCTTCTTT
CCTGTGAACGATGAGGCGGACGCCGGTTCTCTTCTTTTAT
CGTAAAGTCTTCCGCATGGCGTCGCCTGTGAACGATGA
CGGTCTTTCACATTAACCGAGCGGACTTTCTTATTATTATATA
TCTTTCACATTAACCGAACAGCGTTTCTTATTATTATATATCA
TTCACATTAACCGAACAGACGCGCTTATTATTATATATCATCG
ACATTAACCGAACAGACTTTGCGATTATTATATATCATCGCAT
AACCGAACAGACTTTCTTATTGCGATATATCATCGCATTAC
TTAACCGAACAGACTTTCTTGCGATTATATATCATCGCATTAC
CGCATTACAACTTGGATAGCGAAAGTCTTCCGCATGAA
ACGGTCTTTCACATTAACGCGACAGACTTTCTTATTATTATA

GTGAACGATGAGGAAGCGGCCGGTTCTCTTCTTTTATAAA
GCATGGATGAACTATACAAAACTAGTGACTATAAAGACGACGACGACAAATA
ACGGCCGTAATAGAGATCCGA

GGTTATGCTGTTATGCTGCCAAG
TTATTTGTCGTCGTCGTCTTTATAGTCCTTTTTCTTTCCTCCGGCTTTTTGCG
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Table S5: Spore titers of mutations in the spolllJ Shine-Dalgarno sequence

Strain

relevent genotype

Spore titer

SCB751
SCB757
ALB198
ALB228
ALB396

wild type

AspolilJ-jag

spollld Shine-Dalgarno AGGAGG fo AGGAAG
spollld Shine-Dalgarno AGGAGG fo AAGAGG
spolllJ Shine-Dalgarno AGGAGG fto AGAAGG

4 x 10° spores/ml
2 x 10° spores/ml
3x 10" spores/ml
8 x 10’ spores/ml

1 x 10° spores/ml

Spore titers reflect the number of cells that could survive 20 minutes of heating

to 80°C after 24 hours of growth in DSM medium at 37°C.
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Chapter 5, in full, is a reprint of the material as it appears in The European
Molecular Biology Organization 209 (Vol. 28 pp. 3461-3475). I was a secondary
author and isolated and identified mutants from the random mutagenesis screen

important for confirming the mifM regulation by the mifM stemloop, MifM

transmembrane domain and spolllJ.
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My thesis research has demonstrated that cytological profiling, a technique for
mechanism of action (MOA) determination pioneered in eukaryotes (1, 2), can be
adapted for use with bacteria. The effects of various antibiotics on cell architecture in
Bacillus subtilis were easily distinguishable and cytological profiling was able to
determine the MOA of two new compounds, SDP and a bromoalterochromide. The
method I developed, and that Poochit Nonejuie is developing in E. coli, relies purely
on fluorescence microscopy paired with viable cell counts to track changes in cell
architecture and viability. Thus far, my analysis of fluorescence micrographs has been
limited to visual comparison and, in the case of SDP, measurement of whole cell DNA
intensity. This crude method sufficed to distinguish differences between all the
compounds tested, but it certainly has limitations and introduces human bias. Indeed, I
was unable to assign MOAs to three of the unknowns, spirohexenolide A,
chlorothricin, and stenothricin. So far, I have only obtained cytological profiles from
compounds with a handful of MOAs, and utilized only the crudest of image analysis
techniques. A larger library of comparison compounds with known MOAs must be
screened and quantitative analysis utilized if cytological profiling is to be improved. It
is obvious that cytological profiling has great potential, but still requires much
development before it becomes a fully formed MOA determining technique.

Although cytological profiling is still far from being a fully developed
technique, it offers several advantages over current MOA determination methods, and
so is worth the time and effort needed for development. In adapting cytological
profiling, I was able to develop microculture techniques that reduced culture sizes to

just 15 pl, vastly reducing the amount of compound used for testing compared to other
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MOA determination techniques. This small sample size is already on the scale needed
for samples in high-throughput screening. Adaptation to high-throughput methods
should be possible, and large scale screening is what is required for effective
characterization of the MOAs of the constantly growing pool of newly available
natural products. Cytological profiling also works below the minimal inhibitory
concentrations (MIC) of many molecules, so it is able to detect lower concentrations
of antibacterial compounds than other methods. Another advantage cytological
profiling has over other MOA determination techniques is the ability to visualize what
is happening at the cellular level. This results in the ability to discriminate between
MOAs at a much finer level than other semi-high-throughput screens, as closely
related MOAs can result in physical differences. For example, during my studies on
SDP, I was able to distinguish the effect of collapse of both components of the PMF
from the effect of collapse of AY or ApH alone. Another example is in the case of cell
wall active antibiotics. Treatment with B-lactam antibiotics results in severe cell shape
defects, whereas vancomycin does not, though both target the cell wall. Microarray
approaches have lumped cell wall antibiotics into a single category (3, 4), but
cytological profiling easily distinguishes between the two MOAs. Indeed, even when
a novel MOA is detected, changes in cell architecture could provide clues as to the
pathway targeted. Thus, cytological profiling has the potential to be high-throughput

while retaining sensitivity and fine accuracy in MOA determination.
A. Improvement of cytological profiling MOA determination

The need for large data sets profiling as many compounds and MOAs as possible
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This work is the first study utilizing cytological profiling for MOA
determination in bacteria, and so it is unsurprising that I was unable to determine the
MOA of most of the natural products I tested. I have only profiled a handful of control
compounds thus far, and the number of MOAs tested needs to be greatly increased
before I could expect to identify the MOA of most natural products. The prediction of
MOA with any accuracy using comparative studies has only been achieved when large
libraries of compounds have been screened as controls. Indeed, ongoing studies by
graduate student Poochit Nonejuie to apply cytological profiling to E. coli cells utilize
a larger range of control compounds and he is already able to quantitatively show
differences between different translation inhibitors, DNA gyrase inhibitors,
transcriptional inhibitors, lipid biosynthesis inhibitors and -lactam antibiotics.

Microarray studies have found that a group of five or six compounds with the
same MOA need to be profiled in order to obtain accurate clustering of new
compounds (4). We do not know if a similar figure applies for cytological profiling,
but we do need to test compounds with as many MOAs as possible to expand our
dataset. This database must also include compounds that block the same pathway at
multiple points to help us determine how finely we can assign MOA. Our preliminary
studies are quite promising in this regard, as I was able to discriminate between
collapsing either component of the PMF (AW, ApH) and both components and
between compounds targeting different steps in cell wall biogenesis. Building a
diverse library of cytological profiles is key to development of cytological profiling as
an accurate determiner of the MOA of new natural products.

The need for automated image analysis



155

As previously mentioned, the cytological profiling I have done so far has relied
on visual comparisons of fluorescence images, which is not a reliable measure. In
order to differentiate accurately between a large number of MOAs, a quantitative
approach must be taken that limits human bias. Automated data analysis would limit
human bias and may pick up differences not apparent by eye. Poochit Nonejuie in Joe
Pogliano’s lab has been working on cytological profiling using E. coli IptD and has
applied Image] and MATLAB threshold based programs to measure cell variables for
quantitative comparison of different treatments. He has taken measurements of cell
size and shape, DNA size, shape and intensity, and permeability of cells to SYTOX
green. All of these parameters can be grouped based on similarity and simplified into
three variables using principle component analysis (PCA). The PCA data can then be
graphed three dimensionally to visually compare the data points. Treatments that have
the same MOA appear on the graph as clusters, and assignment of MOA can be given
for a new antibiotic based on this clustering. Mike has built up a large library of
compounds covering major classes of MOA and he is able to easily differentiate
between at least five MOA classes using a single PCA graph.

Choice of species — E. coli, B. subtilis or both?

All of Poochit’s data was collected using images of E. coli IptD cells, and mine
used B. subtilis. As can be seen in the cases of spirohexenolide A and chlorothricin,
the results of the two species do not always agree. Whether this is due to a difference
in the MOA of the compound on the two species or other factors remains to be seen.
In some cases, this might be due to a compound having different MOAs in different

species. However, the weaknesses in using cytological profiling for compounds of
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certain MOAs might not overlap between species, thus multi-species profiling might
compensate for the weakness of an individual species. It seems likely that a multi-
species system will ultimately prove the most sensitive for determination of a specific
MOA and generate the most confident identification.

There are several differences between B. subtilis and E. coli IptD that must be
considered when choosing which strain to use. E. coli IptD exhibits a defect in outer
membrane biogenesis which permeabilizes it to many molecules, such as Gram-
positive specific antibiotics, that normally would not penetrate the outer membrane.
This results in a strain that is sensitive to most, but not all, Gram-positive specific
antibiotics. An advantage of using E. coli is that it is more tractable than B. subtilis for
our current image analysis techniques. The cells are separated rather than chained, and
they do not have the tendency to undergo autolysis as B. subtilis does, which makes
cell measurements impossible. However, the MIC of a compound for the E. coli
mutant is usually higher than for a Gram-positive species such as B. subtilis, and so if
compound is extremely limited, experiments may be more manageable in B. subtilis.

The induction of autolysis can be a disadvantage, as it makes measurement of
cell variables very difficult and determination of a cell outline impossible with current
techniques, but it also offers another variable that can be included in the analysis. B.
subtilis cells undergo autolysis when the PMF is collapsed, which can occur either
through specific mechanisms, or because a compound has formed a non-specific pore
in the membrane. There are a multitude of compounds that don’t induce autolysis,
such as RNA synthesis inhibitors and protein synthesis inhibitors, and thus do not

present the discontinuous membranes that make cell measurements impossible.
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Another tendency of B. subtilis is for membrane blobs to appear, frequently at septa. A
disadvantage of these blobs is that they make recognition of cells difficult with our
current image analysis techniques, the reasons for which are discussed below.
However, the location and size of these blobs can be characteristic of a MOA. For
example, vancomycin treatment results in large membrane blobs, which really are
internal vesicles, at septa. The only other treatment that has exhibited a similar
placement of internal vesicles is Triton X-100, but other variables, such as the total
permeability of Triton X-100 treated cells, allow them to be easily discriminated.
Treatment of E. coli cells does not usually result in membrane blobs, and so they are
not available as a variable for use in the PCA analysis of E. coli cytological data.
Utilizing other factors to increase cytological profiling accuracy

Accuracy in cytological profiling all comes down to the measurement of
information and utilization of that information. Increasing the number of variables
used for input should allow finer differentiation between MOAs. One of the
disadvantages of low-throughput methods is that they require a single timepoint or
concentration to be utilized because otherwise, the method could not handle that many
samples or it would become too expensive. One of the microarray studies emphasized
that multiple timepoints were required to properly assign MOA. The later timepoint
was necessary to broadly categorize the MOA, but an earlier timepoint was essential
to complete MOA assignment (4). Cytological profiling studies in eukaryotes utilized
a serial dilution method to capture multiple concentrations and allow determination of
the correct concentration to use for their analysis in the same step (1). We have seen in

our experiments that the morphological effects exerted on the cell are highly
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dependent on concentration and timepoint. Early timepoints give additional variables,
such as time to SYTOX green permeability, and sub-MIC effects can be characteristic
for a compound. For example, cells treated at a sub-MIC concentration of stenothricin
showed internal vesicles and SYTOX green permeability whereas above the MIC, the
membrane appeared to fill the cytoplasm, apparently detaching from the
peptidoglycan. Many compounds induce autolysis, and so using only a later timepoint
could result in all cells being lysed. A pre-lysis timepoint would then been needed to
see any architectural changes in the cell prior to lysis. Utilizing only one concentration
or timepoint for each compound would result in missing information that could be
essential for differentiating two MOAs and thus lead to incorrect identification of
MOA.

Ultimately, having the ability to rapidly determine MOAs of uncharacterized
natural products requires having the most information possible at your disposal. The
first step is to generate cytological profiles of as diverse and complete a group of
compounds as possible. Cytological profiling with E. coli I[ptD, including quantitative
image analysis, paired with PCA is the single technique that will give the most
information. However, not all compounds will affect the E. coli mutant, or at a low
enough concentration to make the experiments feasible. In that case, B. subtilis can be
used to generate a cytological profile. The most accurate MOA prediction will likely
come from a combination of FE.coli and B. subtilis data taken at multiple
concentrations and timepoints. In this case, the more variables measured, the more

accurate the predictions for MOA.

B. Quantitative analysis of cytological profiling images
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We know that the key to developing cytological profiling as an accurate and
simple method of MOA determination relies heavily on the quality of data analysis
and the quantity of data in the reference library. Being able to detect and quantify
subtle differences between cells treated with different compounds will allow specific
MOA determination. Currently, there is still a lack of easy to use programs to
accurately measure cells and nucleoids. Poochit has been utilizing simple thresholding
in ImagelJ, but it still takes 15 minutes per field of cells to conduct the analysis and
requires a large amount of input. It also requires adjusting each image by eye and
introduces human error that could lead to variability in results between users.
Thresholding is very sensitive, and adjusting the images is a balance between
identifying as many cells as possible and accuracy in size measurements. Cells that are
not ideal are frequently not picked up by this technique, and it could skew the results.
In the case of B. subtilis cells, membrane blobs can complicate the analysis.
Thresholding is based on fluorescence intensity, and the membrane blobs are typically
brighter that the rest of the cells, making it difficult to detect the rest of the membrane
without completely blowing out the membrane blob, which makes it appear like a
septum to the program, causing the cell to be counted as multiple cells. We’ve also
been utilizing a MATLAB based thresholding program developed by Jangir
Selimkhanov in Jeff Hasty’s lab, but it does not offer much advantage over ImagelJ as
far as eliminating human bias and measuring cells with membrane blobs or
discontinuous membranes.

Other options include a free software package MicrobeTracker which utilizes a

MATLAB interface and IN Cell Investigator (Biacore), a commercial program used in
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eukaryotic high content screening (5). MicrobeTracker was developed to analyze cell
shape and protein localization from images gathered from high-throughput screening
of Caulobacter cresentus (6, 7). It uses segmentation to measure cell shape with high
accuracy and has also been used to look at protein localization within the cell.
However, it was designed to use phase-contrast images to define cell outlines, not
fluorescence images of cells with membrane stain, as is the case for our images. The
program might need to be heavily adapted to accurately determine cell size and shape
from our data. Even if we adapt this program for use with our images, it will still be
unable to measure cells that have discontinuous membranes, such as those undergoing
autolysis. In B. subtilis, the ability to measure these cells is key to complete data
analysis. Likely we will have to collaborate on new software that can detect the
presence of cells with discontinuous membranes and count them as a cell, to
accurately identify cells in tightly packed confluent lawns and to detect and quantify
the number and size of membrane blobs within a cell. It seems likely that the software
used in high content screening for eukaryotic cells, that have internal membranes and
that grow in tightly packed arrays, will have this ability. If not, additional effort must

be made to create new software with higher functionality.
C. The need for high-throughput sample screening

In the introduction, I identified the lack of high-throughput methods for MOA
determination in bacteria as a bottleneck in antibiotic discovery. Cytological profiling
provides one answer to this issue and in eukaryotes it has already been used as a high-

throughput screen (1, 2). Now that I’'ve demonstrated that cytological profiling is
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possible in bacteria, it can be adapted for high-throughput MOA determination.
Unfortunately, the automated microscopy systems utilized for eukaryotic systems are
based on an air immersion objective, which does not provide sufficiently high
resolution or magnification for bacterial studies. However, the requirement for oil
immersion objectives does not mean that the throughput of microscopy-based
screening cannot be improved. In 2009, Zemer Gital’s lab introduced a method for
increasing throughput based on the use of agarose pedestals (8, 9). These pedestals
allow for 48 samples to be imaged on a single slide, which makes the screening
compatible with automated imaging. This method was used to screen almost 3000
strains of C. crescentus for localization of fluorescently tagged proteins (8), and
demonstrates that many of the tools needed to make cytological profiling high-
throughput already exist. We merely need to adapt them to our specific imaging
system, and to strive to increase the capacity for image collection and analysis.
Another potentially high-throughput method for cytological profiling is the use
of microfluidics to monitor the effect of different antibiotics over time. In
collaboration with Jeff Hasty’s lab, Poochit Nonejuie has just begun testing a 16
compartment microfluidics chip that only requires 10-20 pl of sample, comparable to
our current cytological profiling experiments. This would theoretically allow
timelapse microscopy to occur, as the cells would be in growth medium, and provide
multiple timepoints from one sample. However, the chip currently does not support
robust growth and is far from ready for deployment as a viable method. Additionally,
the antibiotics must be dried down in the well prior to addition of cells. The addition

of the culture rehydrates the antibiotic and diffusion mixes it, but diffusion also
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ultimately results in cross contamination after an extended period of time, and the
initial concentration of the antibiotic could vary depending on how well it solubilizes
and mixes within the well, and where in the chamber the pictures are taken. Chips of
this nature will likely find their primary use in hospital settings, where they can be
used as a diagnostic for determining the resistance or sensitivity profiles of isolates,
not as a precise tool for MOA determination. Other chips exist that allow for robust
growth, but they are limited to only a few chambers per chip, require a much larger
sample size, and cannot be moved during the experiment. Thus microfluidics chips are

not ideal for high-throughput cytological profiling.
D. Utilizing cytological profiling for screening crude extracts

Once the method for cytological profiling has been adapted for high-
throughput screening, it could be effectively utilized to screen crude extracts and
subsequent fractions for the presence of antibacterial natural products. As we
demonstrated for the crude extract containing the bromoalterochromide, cytological
profiling can be utilized to determine the MOA of a natural product prior to
purification. Indeed, other studies in the lab have demonstrated the ability to detect up
to three distinct MOAs in a crude extract of B. subtilis strain 3610. This will allow
extracts to be screened and cytological profiling can be used to determine which show
promise for further purification and development. The fractions generated during
purification can then be screened again for activity-guided purification. Cytological
profiling of these fractions would require less than a microliter of the fraction per

experiment, and thus provide valuable information on activity with a negligible
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amount of sample required. For many natural products, the activity can be detected
with sub-MIC levels of the molecule, as I have shown for stenothricin, the
bromoalterochromide and nisin, making the method extremely sensitive. Cytological
profiling represents a fast and effective means of screening for new natural products
that will generate information about the MOA simultaneously with purification and
allow dereplication without limiting the range of actions detected. This will also allow
natural products to be prioritized based on MOA. Staying ahead of the microbes
requires new molecules with a unique MOA. Cytological profiling will allow

molecules with a unique MOA to be singled out early as promising lead candidates.
E. Concluding remarks

In this discussion I have reviewed why cytological profiling appears to be
ideally suited to address the major bottlenecks of antibiotic discovery. It is adaptable
to high-throughput screening, utilizes a minimal amount of compound, and offers the
possibility of accurate MOA determination in a matter of hours. All that is required to
make this a reality is the screening of a large library compounds with diverse MOAs
and the development of new image analysis software to handle this new influx of
imaging data. Both of these should be possible in the near future if effort is invested
into development of cytological profiling. Once that is achieved, MOA determination
should be a simple task that can be accomplished quickly and can be utilized directly
in screens for new natural products, allowing the majority of time and effort to be

spent in development of these molecules as antibiotics.
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